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Three Pd(II)-based complexes of 1,10-phenanthroline and N- or O-coordinating ligands have been synthesised
and tested with different relevant biosubstrates like double-stranded DNA, double and triple helix of RNA, DNA
G-quadruplexes of different conformations and bovine serum albumin. Here a correlation between N- vs O-
coordinating elements and binding mechanism emerged, where the N-coordinating ligands proved to be the most
promising. These outcomes were confirmed also in the cellular experiments. The Pd(II) complex with
naphthalene-1,8-diamine is the one that is able to be carried by BSA, to strongly bind nucleic acids, to produce
reactive oxygen species (ROS) and to show the best cellular performances (poorly toxic towards healthy cells and
highly toxic against the cisplatin-resistant cancer cell line). On the opposite, the complex with benzene-1,2-
diolate may be sequestered by BSA, weakly binds nucleic acids, does not produce ROS and shows poor
cellular activity. The complex with benzene-1,2-diamine stays in between. Other mechanistic details are dis-
cussed which show that the biophysical behaviour is the sum of the contribution of aromaticity, charge and N- or

O-coordination.

1. Introduction

The use of platinum complexes as anticancer drugs has been exten-
sively discussed during these years. Cisplatin, carboplatin and oxali-
platin still dominate this field and few new alternatives emerged in the
clinical phase. A possible strategy to find new promising drugs was to
change the metal centre [1-4]. Palladium(II) complexes are typically an
alternative to their platinum(II) counterparts due to the same d® elec-
tronic configuration and coordination geometry, but different chemical
properties and biological activity [5]. A recent study that compares Pd
(ID) and Pt(Il) analogues built with quinoline and morpholine ligands
revealed that palladium complexes were not only more effective as
anticancer but also as antibacterial agents [6]. This property was related
to their greater ability to intercalate between DNA base pairs. Indeed, Pd
(II) bipyridine species were found to strongly intercalate into DNA;
accordingly, they were claimed to be promising candidates for the
treatment of leukaemia [7]. Remarkable antitumor properties are also
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shown by binuclear Pd(II) complexes coordinated by benzothiazoles,
which interact thanks to n-n stacking with the nitrogenous DNA bases
[8]. On the other hand, the rate of hydrolysis is a critical aspect, given
that the ligands leave the Pd(II) metal centre 10° times faster than Pt(IT)
analogues [5]. This results in the need for very strong (usually nitrogen)
ligands and not-labile leaving groups, so to keep the structure intact in
vivo for the time necessary to reach the anticancer drugs objective [9]. In
this frame, the stability in the aqueous solution can be improved also
with the use of chelating ligands [10]. PA(II) complexes bearing 1,10-
phenanthroline found application both as catalysts and anticancer
drugs [11-14]. The chelating ligand allows stability to the Pd(II) com-
plex, and the extended aromatic planar moiety may lead to intercalating
interactions with DNA [10,14-17]. Moreover, the stability and thus the
reactivity of Pd(II) complexes are significantly influenced by the ligand
environment surrounding the metal centre. It has been demonstrated
that the presence of oxygen- or nitrogen-containing bidentate ligands in
palladium complexes can affect their stability and reactivity as
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antitumor drugs [18,19]. Oxygen-donating ligands tend to form more
stable and less reactive complexes, which can have greater selectivity
and lower toxicity but may be less effective at binding to DNA [20]. In
contrast, nitrogen-donating ligands form stronger bonds with palladium,
creating more reactive complexes that effectively interact with the DNA
of cancer cells, although they may also exhibit higher toxicity and lower
selectivity [18,21]. The biological effects produced by different coor-
dination elements have been reported also in other systems like in half-
sandwich Ir(IIl) complexes bearing benzazole ancillary ligands. The
coordination to CO, N, or NH; ligands modulates the interaction with
DNA or BSA and also the cytotoxic potential [22]. Hence, the electronic
and steric effects of these chelate ligands can control the substitution
rate and thermodynamic properties of Pd(II) complexes, thereby
enhancing their cytotoxic effects against cancer cells by slowing down
the kinetics [23,24].

The interest of researchers went also beyond canonical nucleic acids
and focused on non-canonical structures of DNA like G-quadruplexes
(G4s) [25]. G4s are involved in cell proliferation and are present in
telomeres and promoter regions of cancer cells; therefore, G4s became
possible drug targets for cancer therapy. Complexes with planar geom-
etries were demonstrated to stabilise these tetrads with stacking inter-
action above and under the quadruplex structure [25-28]. For instance,
some of us found that Pd(II) complexes with quasi-planar aminopyridyl-
2,2-bipyridine tetra dentate ligands stabilise G4s more than their Pt(II)
counterpart and interact with RNA four-way junctions [29]. Overall,
aromaticity/planarity plays a major role in tuning the reactivity of metal
complexes towards G4s; on the other hand, electrostatic aspects are also
fundamental, given that oligo and polynucleotides are negatively
charged polyelectrolytes [30,31].

In this framework, we propose three new Pd(II) complexes all
bearing 1,10-phenanthroline but differentiated by a bidentate aromatic
ligand with N- or O-coordinating groups (Fig. 1). The phenanthroline
fosters intercalating/stacking properties, and the other chelating ligand
increases the lipophilicity of the compounds with the aim of a higher
cellular uptake [14,32]. The different N or O-coordinating elements
provide the different charges of the complex. This study aims not only at
surveying the possible anticancer potency of these still untested Pd(II)
complexes but also at analysing their binding mode to evaluate the in-
fluence of coordination type, charge, and aromatic extension on their
reactivity with different bio substrates.

2. Results
2.1. Synthesis and stability tests

The synthesis of the title compounds is illustrated in Scheme 1.

(NO3),

NN-benz

00-benz

Fig. 1. Molecular structures of (1,10-phenanthroline)(benzene-1,2-diamine)
palladium(II) dinitrate (NN-benz), (1,10-phenanthroline)(naphthalene-1,8-
diamine)palladium(II) dinitrate (NN-naph), (1,10-phenanthroline)(benzene-
1,2-diolate)palladium(II) (OO-benz).
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First, PdCl, was solubilized in refluxing acetonitrile to afford to the
[PA(CH3CN),Cly] intermediate. The introduction of 1 equivalent of
1,10-phenanthroline leads to a substitution reaction of the two solvent
molecules in favour of the bidentate ligand, with the subsequent pre-
cipitation of the complex (I) (Fig. S1). Complex (I) was used to obtain the
three final compounds. For the N-coordinating groups, a first removal of
the chloride ligands was necessary, thus an aqueous solution of silver
nitrate was added to a solution of (I) in DMF. After the complete for-
mation of AgCl, 1 equivalent of benzene-1,2-diamine or naphthalene-
1,8-diamine was added to the mixture in order to obtain compound
NN-benz or NN-naph, respectively. After an overnight reaction, the AgCl
was filtered off from the solution containing the reaction product, the
filtrate was concentrated under vacuum and diethyl ether was added to
precipitate the desired Pd complex. To obtain compound OO-benz a
simple substitution reaction was performed aided by the addition of
KOH to deprotonate benzene-1,2-diolo ligand. The final product was
found as a precipitate and recovered through filtration and dried under
vacuum. NN-benz, NN-naph, and OO-benz were characterised by 'H
NMR (Figs. S2-S4), elemental analysis, and high-resolution mass
spectrometry.

Absorbance spectra were recorded with increasing complex con-
centration (Fig. S5), after 24 h at T = 25 °C (Fig. S6), and at different
temperatures in buffered solution (NaCl 0.1 mol dm’3, NaCac 2.5 mmol
dm 3, pH = 7.0) (Fig. S7) to verify the linearity of the absorbance in the
investigated range and the stability of the obtained Pd complexes. The
linearity between absorbance and concentration is respected for all the
complexes in the selected concentration ranges (see Fig. S5). The com-
plexes resulted stable over time and the increase in temperature caused
very slight changes in the spectral profile of the complexes, except for
signal sharpening for NN-naph. Overall, all compounds can be consid-
ered stable in the 20-90 °C range; NN-benz and OO-benz do not seem to
be prone to undergo significant auto-aggregation, while NN-naph does
to some extent, in agreement with its higher aromatic surface. The
concentration used in our experiments is around 20 pmol dm 3, which is
within the range where the aggregation and precipitation phenomena
may be supposed to be negligible. Note that higher solubility thresholds
may be achieved in the presence of a biosubstrate.

2.2. Interaction with DNA and RNA structures

Here below, we first discuss the possible binding towards poly-
nucleotides (natural calf thymus double-strand DNA and double/triple-
stranded RNA — from now on denoted as CT-DNA, poly(rA)poly(rU), and
poly(rA)2poly(rU)). The absorbance spectra of the three Pd(II) com-
plexes do not allow direct absorbance titration with the nucleic acids,
since the profiles do superimpose too much for a precise deconvolution
of the absorbance changes. For this reason, melting temperature of metal
complex/nucleic acids mixtures, ethidium bromide (EB) exchange tests
and viscosity experiments were done. Gel electrophoresis experiments
were performed with plasmid DNA (pUC18), alone and in the presence
of reactive oxygen species (ROS) scavengers.

2.2.1. Melting

Absorbance spectra of the metal complex/polynucleotide mixtures
were recorded at increasing temperatures and plotted at 260 nm
(Fig. S8). Solutions of the polynucleotides alone and in the presence of
increasing amounts of the Pd(II) complexes were prepared. In the case of
CT-DNA, the Pd/DNA ratios r = 0.4, 0.6, 0.8, and 1.0 were considered.
For RNA, experiments until a Pd/poly(rA)poly(rU) = Pd/poly(rA)2poly
(r'U) = 1.0 ratio yielded no stabilisation; thus, higher ratios (r = 1.25, 1.5
and 2.0) were studied. Fig. 2 collects the results for DNA and poly(rA)
poly(rU) (in the case of poly(rA)2poly(rU), ATy, ~ 0 in every case).

The results suggest a preference for the DNA double helix structure
compared to RNA ones, with a high stabilisation even at low concen-
trations of the metal complex and NN-naph showing the highest ATy,
values. So high differences in the melting temperature (>10 °C) may



F. Binacchi et al. Journal of Inorganic Biochemistry 262 (2025) 112749

N
N
X

\
CHiCN, reflux N ¢l
Fagh 25 min Pd :
cr N CH3CN, rt, overnight
N

(NO3),

DMF, Ag(NO3)
rt, overnight

+ Agell

U]

he
HO KOH(aq)

|
M MeOH, rt, overnight

00-benz

NN-benz

NN-naph OO-benz

HZN]@ (NO3),
HoN

rt, overnight

e
e

rt, overnight

NN-benz NN-naph OO-benz

Fig. 2. Difference of the melting temperature between the metal complex/nucleotide mixture and the nucleotide alone, ATy, = Ty,(complex/nucleotide) — Ty, (nu-
cleotide). (A) For CT-DNA Ty, = 54.1 °C, cpa/cpna = 0.4, 0.6, 0.8, 1.0; cpya = 25.5 pmol dm ™2 in NaCac 2.5 mmol dm 3, pH = 7.0. For (B) poly(rA)poly(rU) Ty, =
56.3 °C, cpa/Cpolyau = 1.0, 1.25, 1.5, 2.0; cpoyau = 14.0 pmol dm ™ in NaCl 0.1 mol dm~3, NaCac 2.5 mmol dm 3, pH =7.0.

hint for intercalation into the DNA base pairs [33,34]. OO-benz is the
less effective in both cases.

2.2.2. Ethidium bromide exchange

Ethidium bromide (EB) is used to perform exchange experiments
where a solution of CT-DNA, poly(rA)poly(rU), or poly(rA)2poly(rU)
saturated with EB is retro-titrated with the metal complex. Note that the
metal complex solutions contain a certain percentage of DMSO. There-
fore, a negative control experiment was performed by adding the same
amount of DMSO: no significant signal changes were detected.
Conversely, all NN-benz, NN-naph and OO-benz were able to displace EB
from its intercalation pocket: Fig. 3 shows the decrease in the fluores-
cence of the EB/polynucleotide adduct as a function of r = cpg/
Cpolynucleotide-

Some preference for CT-DNA is confirmed (higher plot curvatures
and fluorescence decrease), and the displacement efficiency always

follows the order NN-naph > NN-benz > OO-benz. OO-benz results as
less effective at lower ratios (for instance r= 1.0, in agreement with the
melting experiments) but, when an excess of the metal complex is added,
also this compound can produce effects comparable to the other two Pd
complexes. For the triplex structure, NN-benz and OO-benz are much
less effective. These results suggest a strong interaction of the metal
complexes with the polynucleotides, higher in the case of NN-naph. A
contribution from the groove can be speculated, in particular for NN-
benz and OO-benz. Indeed, the results of the test change for the RNA
triplex, where the polyU filament occupies the polyAU groove. On the
other hand, groove binding needs to be particularly effective to produce
such a great intercalated EB displacement ability. On the whole, it seems
that an intricate binding mode is the most likely picture. Intercalation or
groove binding may differently contribute to the overall binding mode,
as a function of the type of both metal complex and polynucleotide.
Other tests were done to get additional information (see below).
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Fig. 3. EB exchange tests where the metal complexes are added to EB-saturated (A) CT-DNA, (B) poly(rA)poly(rU), and (C) poly(rA)2poly(rU) solutions. The EB/
polynucleotide adduct is strongly fluorescent only when the EB probe is intercalated between the polynucleotide base pairs; (A) cpna = 27.5 pmol dm =3, cgp = 12.3

pmol dm~3; (B) cpoyau = 23.3 pmol dm >

, cgg = 11.6 pmol dm > (C) cpolyazy = 25.5 pmol dm ™

3, cgp = 11.4 pmol dm ~>; = cpa/Cpolynucieotides relative fluorescence =

100*F/F° where F° is the fluorescence of the system at r = 0, Aexy = 520 nm, Aey = 595 nm. NaCl 0.1 mol dm—3, NaCac 2.5 mmol dm~3, pH =7.0, T = 25.0 °C.

2.2.3. Viscosity

The viscometric analysis was carried out by keeping the DNA con-
centration constant (cpya = 118 pmol dm™) and varying the metal
concentration of the complex to obtain cpg/cpna from O to 1.0. Fig. S9
shows the cubic root of the relative viscosity of #/7°, as a function of r =
Cpd/CDNA-

There is a substantial constancy of the relative viscosity for NN-naph,
whereas a slight decrease for the NN-benz and OO-benz compounds. The
discussion on this behaviour is not straightforward, given that many
aspects contribute to change the hydrodynamic response of poly-
nucleotides. Classical intercalation typically involves elongation and,
consequently, an increase in viscosity [35]. However, the effect would
be milder for partial intercalation, or even turn into compaction (vis-
cosity decrease) if the helix bends over a semi-intercalated form [36].
The covalent binding of the metal centre decreases the viscosity [37].
High thermal stabilisation and a decrease in the duplex length have been
previously described in complexes with dual activity: intercalation of
the ancillary ligand and coordination to the metal centre [38]. What can
undoubtedly be said here is that NN-benz and OO-benz behave the same
way, whereas NN-naph does something different/more.

2.2.4. Gel electrophoresis

The interaction of the three Pd(II) complexes with DNA was further
investigated with agarose gel electrophoresis with pUC18. Solutions of
DNA alone and with an increasing amount of complexes NN-benz and
NN-naph were studied at no incubation time and after 24 h of incubation
(Fig. 4). With no incubation time, a decrease in the migration rate of the
supercoiled circular (SC) lane is observed as the concentration of NN-
benz and NN-naph is increased. This behaviour correlates well with
the intercalation of the complexes between the DNA base pairs [39] and

1 2 3 456 7 89

ocC | 24 h

SC incubation
no
incubation

Fig. 4. Electrophoresis mobility assay at 24 h of incubation time and no in-
cubation of 1) pUC18 (6.5 pmol dm~%) with: 2) max % of DMSO; 3-6) NN-benz
in a ratio cpa/cpucis = 0.1, 0.5, 1, 3; 7-9) NN-naph in a ratio cpa/cpucis = 0.1,
0.5, 1. NaCac 2.5 mmol dm 3, pH = 7.0.

is not shown in the case of OO-benz. By contrast, after 24 h of incuba-
tion, DNA cleavage is observed, and the disappearance of the plasmid
lanes is observed at a concentration ratio of Pd/pUC18 = 3 and 1,
respectively, for NN-benz and NN-naph. Complex OO-benz is not able to
induce any conformational change of the plasmid after 24 h even at
higher ratios (Fig. S10). To assess the cleavage, an experiment with the
NN-benz/pUC18 system over time was performed by freezing aliquots of
1:1 mixture from 0 h to 24 h of incubation: Fig. S11 shows the formation
of the linear strand of DNA which runs between the OC (open circular)
and SC conformations. Moreover, the linear strands tend to disappear
over time till a complete fragmentation in 24 h. This is in agreement
with the previous experiments, where a high stabilisation and
displacement of EB were noticed. The ability of Pd(II) complexes to
cleave DNA was extensively described [8,40]. However different
mechanisms were proposed, a hydrolytic pathway was hypothesized for
Pd(Il) saccharinate complexes with terpyridine [41] whereas an
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oxidative mechanism was confirmed for other Pd(II) complexes [42,43].
To elucidate the possible mechanism for the observed DNA damage and
considering that the bleaching of the bands with the loss of the total
presence of plasmid signal (Fig. 4) could be caused by reactive oxygen
species (ROS), which produced an extreme cleavage of DNA up to small
strands, another electrophoresis experiment was performed in presence
of an excess of ROS scavengers (Fig. 5). The conditions chosen are cpq/
cpucig = 3 for NN-benz and cpa/cpucig = 1 for NN-naph, i.e. where the
cleavage started to be evident.

For both NN-benz and NN-naph complexes, there is no more DNA
cleavage in the presence of SOD and r-His. These ROS scavengers are
respectively focused on 102, and O3 [39]. Therefore, it is demonstrated
that these two compounds, once bound to DNA, produce ROS, and
cleave the DNA strands.

On the whole, these results suggest that a slow reaction is at work
and that the interaction mechanism is influenced by the different
coordinating atoms, N vs O. A mixed mode (partial intercalation/
groove) is the binding mode in short-time experiments (titrations,
melting and viscosity). The metal complex NN-naph is, under these
circumstances, the more efficient (more extended planar part), together
with NN-benz (they are both positively charged species). Electrophoresis
data at t = O confirm their intercalation already in short time ranges.
Intercalation and groove binding are non-covalent binding modes
known to be fast reactions, occurring in the sub-second time range [44].
On the other hand, some additional reaction occurs in long-time spams
for NN-benz and NN-naph. In agreement with such slow kinetics, it may
be speculated that, in the case of the more labile Pd-NH; coordination,
covalent binding of the Pd metal centre to the DNA bases occurs as one
of the Pd-NH; bonds is broken and there is the production of ROS. All of
this does not occur in the case of OO-benz. Due to the stronger coordi-
nation to oxygen and neutral charge, is not only less prone to bind DNAs
and RNAs at fast time ranges but cannot produce either cleavage or ROS
formation over slower time spams. This picture would agree with the
work of Anbalagan and Srivastava [45] who found a significant 102
generation in complexes bearing a-diimine ligands, with an efficacy that
depends on the number of condensed aromatic rings.

2.3. Interaction with G-quadruplex

The metal complexes NN-benz, NN-naph, and OO-benz were tested
also with three G-quadruplex (G4) conformations by measuring the
melting temperature in the absence and presence of the metal complexes
at a 1:1 ratio with the G4. Fig. S12 shows the data obtained as a function
of temperature, and Fig. 6 collects the ATy,. None of the three complexes
shows significant stabilisation/destabilisation of the hybrid Tel-23 or
parallel c-myc structures: the |ATy| are negligible being <2 °C. The
antiparallel CTA-22 conformation is the one that undergoes some effect,
and is stabilised by NN-benz, NN-naph, and OO-benz. The most signif-
icant outcome is the stabilisation of CTA-22 (AT, = 5.0 & 0.6 °C) pro-
duced by NN-naph. In this case, the extended aromaticity of the complex
may have favoured stacking interaction with the guanine quartets.

1 2 3 4 5 6 7 8 9 101112

oc |
sc |

82 .

Fig. 5. Electrophoresis mobility assay: 1) pUC18 (6.5 pmol dm’3), 2) with max
% of DMSO; 3 and 8) with NN-benz and NN-naph in a ratio cpa/cpucis = 3.0 and
1.0 respectively. Complexes in the presence of ROS scavengers: 4 and 9) SOD
(4000 U cm™3); 5 and 10) pyr (1 mmol dm~®); 6 and 11) r-Hist (1.2 mmol
dm~%); 7 and 12) DMSO (200 mmol dm~3). Buffer: NaCac 2.5 mmol dm 3, pH
=7.0.
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. I Tel-23

[ cTA-22
B c-myc

4 ]

I T T
NN-benz NN-naph 0OO-benz
Fig. 6. Difference of the melting temperature between the metal complex/G4
mixture and the G4 alone, AT, = Tp(complex/G4) — Tp(G4). Ty (Tel-23) =
62.8 °C, Ty(CTA-22) = 62.6 °C, Try(c-myc) = 73.9 °C. cpa/cg4 = 1.0 where ccq
= 25.5 pmol dm 3, KCl 0.1 mol dm ™3, LiCac 2.5 mmol dm ™3, pH 7.0 for Tel23
and CTA22; KCl 0.01 mol dm 3, LiCac 2.5 mmol dm 3, pH 7.0 for c-myc.

2.4. Interaction with BSA

2.4.1. Titrations

The interaction of the Pd(II) complexes with the BSA protein was
studied by spectrofluorimetric titrations. The three Pd(II) complexes do
not emit light in these conditions. The titrations were performed in 0.1
mol dm 3 NacCl, 2.5 mmol dm™3 NaCac, pH = 7.0 buffer, at 25.0, 37.0
and 45.0 °C (triplicates). As an example, the titrations at 25.0 °C are
reported (Fig. S13). Equilibrium constants were calculated with the
modified Stern Volmer equation (Table S1) and Scatchard equation
(Table S2) to verify the static quenching of BSA, formation of an adduct
with Pd complexes, and the reaction stoichiometry respectively. The
high Stern-Volmer constants confirmed the effective interaction be-
tween Pd complexes and BSA, while from the Scatchard equation a 1:1
binding mode was assessed. On this basis, the HypSpec® software was
used with a 1:1 binding model for the calculation of the equilibrium
constants. The latter are resumed in Table S2. Ultimately, these data
show that all three complexes of Pd(II) interact with the BSA with
equilibrium constants of the magnitude order of 10° -10° i.e. in the
typical window that allows the transport in biological fluids, with no
selectivity. Within the errors, the equilibrium constants do not signifi-
cantly depend on temperature, in agreement with a AH~0 process. This
latter result indicates a weak reversible interaction of the small mole-
cules with BSA pockets in the fast time scales.

2.4.2. Native gel electrophoresis

During the spectrofluorimetric titrations (done within 3 h), no dif-
ferences were observed between the three compounds. The interaction
with the protein was deepened by evaluating possible conformational
changes after long incubation times (24 h). In this context, native gel
electrophoresis tests were performed. This technique can detect possible
conformational changes of the protein upon interaction with the metal
complexes, revealed by the appearance of new bands during the elec-
trophoresis run. Solutions of BSA alone and in the presence of increasing
amounts of the metal complexes (cpq/cgsa = 5.0, 10 and 20) were pre-
pared and incubated for 24 h at 37.0 °C. Then, the solutions were loaded
into the gel and the run was performed at 4 °C to avoid any possible
denaturation of the protein. NN-benz and OO-benz produced a new BSA
band starting from a ratio of 10:1 (Pd:BSA), while NN-naph did not
produce any conformational change (Fig. 7). A negative control with
DMSO alone was done, confirming no denaturation process caused by
DMSO.

This behaviour suggests that 24 h incubation allowed NN-benz and
0OO0-benz to exert a more complex binding mechanism. The presence of
significant BSA conformational changes after 24 h incubation with NN-
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Fig. 7. Native acrylamide electrophoresis of BSA (2 pmol dm™—>) incubated for
24 h with NN-benz, NN-naph and OO-benz. 1) BSA with 0.78 % of DMSO. 2-4)
with NN-benz in a ratio cpq/cgsa = 5.0, 10, and 20; 5-7) with NN-naph in a
ratio cpg/cpsa = 5.0, 10, and 20; 8-10) with OO-benz in a ratio cpg/cgsa = 5.0,
10, and 20. Final max DMSO concentration = 0.78 %. Buffer: NaCl 0.1 mol
dm~3, NaCac 2.5 mmol dm~3, pH = 7.0.

benz or OO-benz indicates a strong/covalent binding which turns into
sequestration of the metal complexes by the protein [46]. These
conformational changes are not observed in the case of NN-naph, whose
action is limited to the AH ~ 0 process seen in direct fluorescence ti-
trations (fast time scales). On this basis, we may infer that NN-naph only
non-covalently/reversibly binds BSA

2.5. Biological studies

2.5.1. Antiproliferative activity

To evaluate the antiproliferative activity of complexes NN-benz, NN-
naph, and OO-benz, four cancer and one normal cell lines were selected.
A549 (lung cancer), SW480 (colon cancer), A2780 (ovarian cancer),
A2780cis (ovarian cancer resistant to cisplatin) and HEK293 (human
embryonic kidney) were incubated with increasing amounts of the
complexes for 24 h. MTT test was used to evaluate the ICsg values listed
in Table 1 and compared to that of cisplatin (CDDP). The anti-
proliferative activity is dependent on the cell type. For the A549 cell
line, the cytotoxicity was comparable to CDDP, while for SW480, NN-
naph and OO-benz were the most cytotoxic. All Pd complexes display
higher cytotoxic potential in A2780cis with respect to cisplatin. Inter-
estingly, compound NN-naph was the most promising with an ICsg value
of 3 and 4 pmol dm ™~ in A2780 and A2780cis, respectively. These ICso
values suggest that this complex could be able to overcome the cisplatin
resistance in the A2780 cancer cell line. Importantly, NN-benz and NN-
naph were less toxic for the healthy cell line HEK293, and NN-naph was
the one with the highest selectivity index (SI = 12). Overall, complex
NN-naph showed a better profile both for resistance factor and selec-
tivity properties.

2.5.2. Flow cytometry

To assess if the death mechanism is apoptotic or necrotic, a flow
cytometry experiment was performed. Annexin V-FITC/PI double
staining test was used on SW480 cells. The sum of cells in early and late
apoptosis was higher compared to the number of cells in necrosis for all
the complexes (Fig. 8). These values confirm that the cell death mech-
anism is apoptosis, compatible with the DNA damage pathway.

Table 1
ICs¢ values (pmol dm™3) after 24 h of incubation, mean =+ SD from 3 indepen-
dent experiments.

A549 SW480  A2780 A2780cis  RF" HEK293 sI®
NN-benz 39+5 42+ 5 16 £2 14+1 1 50 £ 10 3
NN-naph 56 £ 10 14+2 4+1 3+1 1 47 £ 6 12
00-benz 39+7 18+3 11+1 20+ 3 2 15+2 1
CDDP 39+£2 352 8+1 303 4 152 2

@ RF (resistance factor) = ICs a2780cis / 1Cs0,a2780.
b SI (selectivity index) = Icso,HEKzgy, / IC50,A2780_
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Fig. 8. Flow cytometry of human colon carcinoma cells (SW480) after 24 h of
incubation, treated at the ICsq concentration of the complex.

2.5.3. Cellular uptake

The cellular uptake was performed on the SW480 cancer cell line and
the values are reported as pmol of metal divided by the total number of
cells (Table 2). Cisplatin was used as a reference, with the corresponding
values of the lipophilicity of the complexes expressed as the logarithm of
the partition coefficient between octanol and water phases (1ogP,, ).
The charged compounds, NN-benz and NN-naph, are the most intern-
alised and have higher values compared to cisplatin, while the neutral
compound OO-benz is less: internalisation follows the order NN-benz >
NN-naph > OO-benz. Here, the internalisation of the three Pd(II) com-
plexes is conversely correlated to the degree of lipophilicity: for logP,/w
00O-benz > NN-naph ~ NN-benz. These orders do not correlate much
with that of cytotoxicity (for SW480, NN-naph ~ OO-benz > NN-benz).
This means that additional factors are at play, such as the complexes not
being equally distributed in different cellular compartments.

The antiproliferative outcomes can now be discussed on the basis of
the mechanistic properties of biosubstrates interaction shown above.
Complex NN-naph is able to intercalate into DNA, produces ROS at
lower concentrations compared to NN-benz, stabilises antiparallel G4,
and reversibly binds BSA, according to a mode which allows the release
of the complex to the cells. This complex showed high uptake inside the
cells, likely due to a better balance of protein delivery and lipophilicity
(logP,/w). All these properties may explain the lower ICso values.
Complex OO-benz is the one which showed the less interesting profile. It
emerged as a groove binder for polynucleotides, not stabilising the
structures as efficiently as the other complexes. OO-benz is probably
partially sequestrated by proteins, which may explain the lower uptake
values. Moreover, it is the only one which cannot cleave DNA and turned
out completely unselective for cancer cells. Complex NN-benz showed a
mean behaviour compared to the other two complexes.

3. Conclusion

Three new Pd(II) complexes bearing 1,10-phenanthroline and arene
ligands with N or O coordinating groups were synthesised and

Table 2
Cellular uptake expressed as pmol of metal (M) in the total number of counted
cells, after 24 h of incubation at 37 °C. logP,,, = log([complex], / [complex],).

pmol M/cells (10~7) 1ogPo/w
(M = Pd, or Pt)
NN-benz 6.8 £ 0.5 -1.3
NN-naph 5.6 +£ 0.5 -1.4
00-benz 3.0+0.2 0.2
CDDP 3.8+ 0.5 —2.4
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characterised. Complex NN-naph (positively charged, higher aroma-
ticity) was demonstrated to strongly interact with both DNA and RNA
polynucleotides, with evidence for an intercalative interaction. NN-naph
is also the one that stabilised most DNA G4, with selectivity for CTA-22
(antiparallel). On the other hand, the observed binding of NN-naph with
the BSA protein is related to weak forces enabling delivery and release to
the cells. Also, NN-naph is very selective for cancer cells and overcomes
cisplatin resistance in A2780cis. OO-benz is the least reactive and
managed to stabilise efficiently only DNA. On the other hand, for BSA,
00-benz binds so tightly to the protein (producing significant confor-
mational changes after incubation) that it may likely be sequestered.
Importantly, after 24 h incubation, NN-benz and NN-naph produce DNA
cleavage by an oxidative mechanism involving ROS generation. This
could be a possible mechanism of action for cell death, which differs
from the one of cisplatin and which would be linked to the presence of N-
coordination. On the whole, the biological profiles of the studied metal
complexes were found to be related not only to some non-covalent fast-
time scale binding but to the presence of slow effects strongly influenced
by the coordination type. The PA(II) complexes with N-coordination are
here the ones with better reactivity. Further studies are being planned to
enlarge the panel and better describe the slow effects and the geometries
of the final adducts.

4. Experimental section
4.1. Materials

All the materials for the synthesis were purchased from Merck or
Fluorochem. The deuterated solvents were purchased from Deutero.

Metal complex stock solutions were prepared by dissolving a known
weighted amount of the compound (= 2 mg) in dimethylsulfoxide
(DMSO) to obtain a final solution concentration of 2-20 mmol dm 3.

Calf thymus DNA (CT-DNA), natural DNA from calf thymus,
lyophilised sodium salt from Sigma-Aldrich (double strand in the B-helix
form when in the buffer) was dissolved in ultrapure water and previ-
ously sonicated to have about 500 base pairs. Its concentration in the
stock was about 2.5 mmol dm > expressed in base pairs. Before its use,
the exact concentration value was checked by acquiring an absorption
spectrum. The absorption peak considered is 4 = 260 nm and the ¢ at
that wavelength is equal to 13,200 cm ! mol~! dm® [47]. In this way, a
molar concentration of DNA in base pairs (cpna) was obtained. Natural
DNA of the plasmid, pUC18 (2686 base pairs in length) was extracted
from E. coli DH5a. The DNA G-quadruplexes (G4) used were formed by
different telomeres to have different types of conformations: 5'-
TAGGGTTAGGGTTAGGGTTAGGG-3' (Tel-23 - hybrid); 5-AGGGC-
TAGGGCTAGGGCTAGGG-3' (CTA-22 - antiparallel); 5-
TGAGGGTGGGTAGGGTGGGTAA-3' (c-myc — parallel) were dissolved in
KCl 0.1 mmol dm~3, LiCac 2.5 mmol dm™3, pH = 7.0 obtaining a so-
lution of G4 (cg4) 1 mmol dm 3. For the annealing procedure, a litera-
ture procedure was followed [48]. Poly(rA) and poly(rU) were
purchased by Sigma-Aldrich as model polynucleotides of RNA struc-
tures. Poly(rA) was used as a single filament in NaCl 0.1 M, NaCac 2.5
mM pH = 7.0 buffer, whose concentration was measured by spectro-
photometry considering the peak at 257 nm (¢ = 10,110 cm ™! mol™?
dm®) [49] obtaining a concentration expressed as phosphate groups (ca)
of 8.4 mmol dm~3. For the double helix, a poly(rU) solution was pre-
pared in the same buffer whose concentration was measured considering
the peak at 260 nm (¢ = 8900 em ! mol~! dm®) [49] obtaining a con-
centration value of 14 mmol dm>. A solution of poly(rA) with poly(rU)
in a 1:1 ratio in buffer was then prepared and left to stand overnight in
the dark at room temperature to obtain the double helix poly(rA)poly
(rU) concentration in base pairs (cay) 2.0 mmol dm ™3 [50]. For the triple
helix, a solution was prepared by combining poly(rA)-poly(rU) with poly
(rU) in a 1:1 ratio in buffer and left to stand overnight at room tem-
perature to allow the integration of a third filament in the structure, thus
obtaining a solution of poly(rA)2poly(rU) of concentration in base
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triplet (ca2y) 0.4 mmol dm~2 [51].

The BSA solution was prepared by weighing freeze-dried BSA
(lyophilized powder, essentially fatty acid free, >98 % (agarose gel
electrophoresis) purchased from Sigma-Aldrich (MW ~ 66 kDa) by
dissolving it in NaCl 0.1 mol dm~3, NaCac 2.5 mmol dm~3, pH = 7.0
buffer. The effective concentration was determined by spectrophotom-
etry considering the absorption at 278 nm (¢ = 45,000 cm ' mol~! dm®)
[52] obtaining a solution of BSA (cgsa) 80.0 pmol dm~3.

The used buffer solutions were prepared by dissolving a known
amount of the desired salts in MilliQ water, obtained through an
“AriumPro SARTORIUS” device, and the pH was checked by a previ-
ously calibrated pH-meter. The pH was possibly corrected by making
micro additions of HCl or concentrated NaOH. Working solutions for the
analyses are obtained by dilution of the metal complex or biosubstrates
in the correct buffer. In these working solutions, the dilution with the
aqueous bulffer is such that DMSO content can be considered negligible
(<1 %).

4.2. Synthesis

4.2.1. Synthesis of the intermediate (I), [PdCly(phen)]

The intermediate [PdCly(phen)] (phen = 1,10-phenanthroline) was
prepared in a two-step reaction. First, 0.695 g of PdCl; (3.92 mmol) were
weighed and suspended in 20 cm® of acetonitrile. The suspension was
refluxed until complete PdCl, dissolution. After 25 min, the solution was
clear, indicating that [Pd(CH3CN),Cly] was formed. Secondly, heating
was stopped and solid phenanthroline (1 eq.) (0.710 g, 3.94 mmol) was
added to the reaction round flask. The formation of a precipitate was
immediately observable. The reaction was kept under stirring at room
temperature, overnight. The following day, the mixture present in the
flask was filtered, and the solid product was washed with diluted hy-
drochloric acid, diethyl ether and dried under vacuum, affording 1.34 g
(3.75 mmol) of the pure product (yield 96 %).

H NMR (DMSO-dg, 400.13 MHz, 298 K): § = 9.66 (d, 2H), 9.00 (d,
2H), 8.26 (s, 2H), 8.13 (t, 2H) ppm; (Fig. S1).

4.2.2. Synthesis of NN-benz

The complex (1,10-phenanthroline)(benzene-1,2-diamine)palla-
dium(II) dinitrate, here called NN-benz, was prepared in a two-step re-
action. First, 0.088 g (0.25 mmol) of [PdCla(phen)] were weighed and
solubilized in 2.5 cm® of DMF in a 50 cm® round flask. Separately an
aqueous solution of AgNO3 (0.084 g, 0.49 mmol) in 1.5 cm?® of distilled
water was prepared and added to the mixture in the reaction flask. The
reaction was performed at room temperature, overnight. The addition of
the aqueous solution of silver nitrate is done to promote the detachment
of the chloride ligands through the precipitation of AgCl, and thus to
activate the Pd(II) intermediate forming [Pd(H20)2(phen)](NO3),, that
is the reactive specie for the subsequent binding to benzene-1,2-
diamine.

The following day, 0.0266 g (0.246 mmol) of benzene-1,2-diamine
solubilized in 1 cm® of DMF was added in 1:1 stoichiometry with [Pd
(H20)2(phen)](NO3); to the reaction mixture. The reaction was per-
formed overnight at room temperature. The following day the reaction
was stopped, and the suspension was filtered through celite to remove
AgCl. The filtrate was recovered and pre-concentrated in the rotavapor
(T of the water bath = 37 °C). Once a few cm?® of DMF were removed,
diethyl ether was added to favour the precipitation of the complex. The
precipitate was filtered, and the recovered solid product was washed on
the filter with diethyl ether and dried. 0.1277 g (0.2461 mmol) of NN-
benz (yield 98 %).

'H NMR (MeOH-d4, 400.13 MHz, 298 K): 6 = 9.05 (dd, 2H), 8.95
(dd, 2H), 8.32 (s, 2H), 8.20 (d, 1H), 8.19 (d, 1H), 7.54 (m, 2H), 7.47 (m,
2H) ppm (Fig. S2).

Elemental analysis calc (%) for C1gH16N¢OgPd: C 41.67, H 3.11, N
16.20; found (%) C 41.69, H 3.09, N 16.17.

ESI-TOF-MS: ion type = [M]2+, m/z found = 196.01153, m/z calc =
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196.01211.

4.2.3. Synthesis of NN-naph

The complex (1,10-phenanthroline)(1,8-diaminonaphtalene)palla-
dium(Il) dinitrate, here called NN-naph, was prepared in a two-step
reaction similarly to NN-benz. First, 0.051 g (0.14 mmol) of
[PACly(phen)] were weighed and solubilized in 2 cm® of DMF in a 50
em® round-bottom flask. Separately an aqueous solution of AgNOs
(0.048 g, 0.28 mmol) in 1 cm® of bi-distilled water was prepared and
added to the mixture in the reaction flask. The reaction was performed at
room temperature, overnight, to form [Pd(H20)2(phen)](NO3),.

The following day, 0.0225 g (0.142 mmol) of naphthalene-1,8-
diamine solubilized in 1 cm® of DMF was added in a 1:1 stoichiometry
with [Pd(H20)2(phen)](NO3); to the reaction mixture. The reaction was
performed at room temperature, overnight. Hence, the obtained sus-
pension was filtered through celite to remove the formed AgCl. The
filtrate was recovered and pre-concentrated in the rotavapor (T of the
water bath = 37 °C). Once a few cm® of DMF were removed, diethyl
ether was added to favour the precipitation of the complex. The pre-
cipitate was filtered and the solid was washed on the filter with diethyl
ether. Subsequently, the product was dried under vacuum, and 0.0606 g
(0.106 mmol) of NN-naph (yield 76 %).

'H NMR (MeOH-d4, 400.13 MHz, 298 K): § = 9.40 (dd, 2H), 9.29
(dd, 2H), 8.98 (dd, 2H), 8.87 (dd, 2H), 8.24 (s, 2H), 7.67 (m, 2H), 7.55
(m, 2H) ppm (Fig. S3).

Elemental analysis calc (%) for Ca2H18N¢OgPd: C 46.45, H 3.19, N
14.77; found (%) C 46.48, H 3.12, N 14.73.

ESI-TOF-MS: ion type = [M]2+, m/z found = 222.02666, m/z calc =
222.02776.

4.2.4. Synthesis of OO-benz

The complex (1,10-phenanthroline)(benzene-1,2-diolate)palladium
(ID), here called OO-benz, was prepared in a two-step reaction. First
0.401 g of [PdCly(phen)] (1.12 mmol) and 0.123 g of benzene-1,2-diolo
(1.12 mmol) were weighted and suspended in 15 cm® of methanol.
Separately, an aqueous solution containing 2 equivalents of KOH (0.126
g, 2.25 mmol) was prepared and added to the reaction mixture. KOH
solution was used to deprotonate benzene-1,2-diolo ligand and promote
the binding to the metal centre. A rapid change in the colour of the
mixture (from yellow to brick red) was immediately noticed. The reac-
tion was performed at room temperature, overnight. The following day,
the brick red solid precipitate was filtered and washed with diethyl ether
(20 cm®). Subsequently, the product was dried under vacuum, and
0.2714 g (0.6876 mmol) of pure OO-benz (yield 61 %) were recovered.

'H NMR (MeOH-d4, 400.13 MHz, 298 K): 5 = 8.86 (dd, 2H), 8.76
(dd, 2H), 8.13 (s, 2H), 7.99 (d, 2H), 7.97 (d, 2H), 6.52 (m, 2H), 6.40 (m,
2H) ppm (Fig. S4).

Elemental analysis calc (%) for C;gH12N20,Pd: C 54.77, H 3.06, N
7.10; found (%) C 54.25, H 3.01, N 7.07.

4.3. Methods

4.3.1. Spectrophotometry and spectrofluorometry

A Shimadzu UV-2450 or a Perkin Elmer Lambda 35 double-beam
UV-vis spectrophotometer were used for absorbance experiments.
Both instruments are equipped with a tungsten lamp for visible light and
a deuterium lamp for the UV range. The fluorescence data were recorded
with an LS55 Perkin-Elmer spectrofluorometer. The excitation light is
provided by a pulsed Xenon lamp (50 Hz). All the instruments have
jacketed cell holders providing temperature control within +0.1 °C. All
spectra were recorded using quartz cuvettes of 1 cm® or 0.5 cm® mini-
mum volume and an optical path of 1.0 cm. Fluorescence experiment
conditions were carefully chosen (high dilution, wavelengths) and
checked so to ensure direct proportionality between reading and fluo-
rophore concentration.
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4.3.2. Melting experiments

Melting experiments were performed following the absorbance
changes (260 nm for CT-DNA and RNA, 290 nm for G4s) at increasing
temperatures ranging from 25.0 °C to 90.0 °C. The scan rate is +5.0 °C/
min every 7.5 min, and the solution stays at the current temperature for
5 min before the spectrum is recorded (1.5 min for the recording). To
reach the following temperature 1 min is needed. Cuvettes of 1.0 cm,
2.0 mm or 1.0 mm light path were used depending on the experiment.
The short light path was needed for the oligos (DNA G4s) melting tests.

The percentage of absorbance change (%A change = 100 x (A(T) -
A°)/(A% — A°), where A(T) is the absorbance read at each temperature T
(°C), A° the absorbance corresponding to the initial plateau and A% the
absorbance for the final plateau), was plotted against temperature. In
this way, a sigmoidal curve is obtained according to Eq. (1).

Ar=4o 100 @

9 =t 9
%A change A A,

The melting temperature (T,,,) was derived as the maximum of the
first derivative of the sigmoidal curve. The concentration of the poly-
nucleotide is around 20 pmol dm~> and the metal complex is put in an
equal amount for the first experiment. If the stabilisation of the nucle-
otide is too high or too low, respectively lower or higher complex con-
centrations could be investigated. All the experiments were performed
under the optimal ionic strength conditions so that the melting tem-
perature of the polynucleotide alone is around 50-60 °C. These condi-
tions allow the appreciation of possible enhancement of Tp,.

4.3.3. Viscosity

The viscometer used is a semi-micro type “Cannon-Ubbelohde”
capillary viscometer. To carry out the measurement, 3.0 cm® of buffer
solution (NaCl 0.1 mol dm_3, NaCac 2.5 mmol dm_3, pH = 7.0) volume
was taken with a glass pipette and inserted into the viscosimeter in the
lower tank. The viscometer was placed in a water bath at a constant
temperature of 25.0 + 0.1 °C and left to rest for 15 min to allow the
solution to reach the desired temperature. The solution was sucked up
with a small rubber pump until the liquid almost reaches the exit. After
that, DNA was added with a micro-syringe Hamilton connected to a
Mitutoyo micrometric screw (the same as the spectroscopic titrations) to
have a cpya = 100 pmol dm ™2 and the solution is mixed by pushing up
and down the liquid. Every addition of the tested compound was made
in the same way as the addition of DNA, like a titration. The flow time is
measured with a digital stopwatch which corresponds to the time that
the meniscus of the liquid takes to pass from the two notches. The
operation must be carried out for the solvent used (measuring tsy), for
the solvent + DNA (tpya) mixture and for different solvent + DNA +
molecule mixtures (tsample)- All the measurements were repeated at least
5 times. After each use, a washing cycle must be carried out: water -
acetone - water - ethanol - No.

The relative viscosity of the polynucleotide was calculated by Eq. (2):

i o t:ample — Loty (2)

Mo tpna — tsoly

The relative viscosity is connected to the polynucleotide elongation
by Eq. (3).

L n > 1

~—(1)s3 3
Lo (’70

where L is the length of the bound polynucleotide and Ly is the length of
the free one.

4.3.4. pUC18 extraction

E. coli DH5a was cultured in 100 cm? of LB (Luria-Bertani) medium
with 50 x 1078 dm® of ampicillin overnight at 37.0 °C in IKA™ KS4000i
Incubator Shakers. The next day extraction of plasmid DNA (pUC18)
was performed following the protocol in OMEGA biotek plasmid DNA
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kit. The absorbance ratio Agonm/A280nm > 1.8 was checked, to ensure
the absence of significant protein amounts. The pUC18 concentration
was measured by spectrophotometry as c ucis = A26onm X 50 pg em 3.
Gel electrophoresis was done to also check that only the two bands of OC

(open circular) and SC (supercoiled) forms do appear for pUC18 alone.

4.3.5. Agarose gel electrophoresis

Agarose gel electrophoresis of pUC18 was performed after overnight
incubation at 37.0 °C of the plasmid (6.5 pmol dm~3, base pairs) in the
presence of different increasing concentrations of the tested metal
complex or cisplatin in buffer (NaCl 0.1 mol dm™3, NaCac 2.5 mmol
dm~3, pH = 7.0). A vehicle-treated pUC18 sample was included with the
maximum DMSO concentration used in the electrophoresis experiment.
Loading buffer (4 x 107 dm3) was added to each sample (20 x 10°°
dm®) before being loaded onto 1 % agarose gel. Electrophoresis was run
at 60 V for 2 h and 10 min. After the run, the gel was stained with a
solution of ethidium bromide 1 pg cm ™ in TAE 1x for 1 h. Finally, the
gel was visualized by exposure to UV light (312 nm) by a Gel Doc XR +
Imaging System (Bio-Rad). Another electrophoresis experiment was
carried out in the same way, incubating the samples with ROS scaven-
gers when cleavage of DNA was observed. 1-histidine (1-His, for 102),
DMSO (for OHe), sodium pyruvate (pyr, for Ho0O), and superoxide
dismutase (SOD, for O3) were used to detect which ROS was produced
[39].

4.3.6. Native gel electrophoresis

Native polyacrylamide gel electrophoresis (PAGE) tests were per-
formed by incubating BSA (3 pmol dm~3) overnight with different
concentrations of metal complexes for [complex]/[protein] concentra-
tion ratios of 5, 10 and 20 in NaCl 0.1 mol dm 3, NaCac 2.5 mmol dm >
buffer pH = 7.0 and T = 37.0 °C. After that, 6 x 10~% dm® of sample
buffer 2x (0.01 % bromophenol blue and 20 % glycerol in Tris HCL
buffer 0.5 mol dm’3, pH = 6.8) were added to 6 x 107% dm?® of the
sample solutions (final cgsy = 1.5 pmol dm™®) and loaded onto 10 %
polyacrylamide gels. Before the loading of the samples, a pre-run was
done at 200 V for 1 h, to remove any possible impurity from the gel. Gels
were run in native PAGE buffer 250 mmol dm™ Tris Base, 1.92 mol
dm ™3 glycine, pH = 8.3 at 80 V for 4 h at 4 °C to avoid denaturation of
the protein. Finally, gels were stained with Coomassie Brilliant Blue R-
250.

4.3.7. LogPow

The octanol-water partition coefficients were determined as follows.
Water (500 cm3, distilled after MilliQ purification) and n-octanol (500
cm®) were shaken together for 72 h to allow saturation of both phases
(one week for the full separation of the two phases). Approximately 0.5
mg of the complexes were placed into a Falcon tube, and 2.0 cm® of
octanol-saturated water and 2.0 cm® of water-saturated octanol were
added into the same Falcon of the compound and shacked until the
complexes were fully dissolved and divided into the two phases.
Biphasic solutions were mixed for ten minutes and then centrifuged for
five minutes at 6000 rpm to allow separation. Two aliquots of 0.50 cm>
for both phases were placed into metal-free PE tubes and 4.0 cm® of
3HCL: HNOs3 (aqua regia) solution Suprapure (dilution 1:1 with MilliQ
water) were added to the aliquots to obtain 4 samples for each complex
(2 for the water phase and 2 for the octanol phase). The solutions were
mineralised at 90 °C overnight and 1.5 cm® of MilliQ water were added
at the end to have a final volume of 6.0 cm® for each sample. Concen-
trations of both phases were determined by ICP-OES.

Reported logP, , is defined as in Eq. (4):

[complex],

D, = log Py
logPow lOg[complex]w @

Final values were reported as the mean of two determinations.
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4.3.8. Cell culture

A549 (lung adenocarcinoma) and SW480 (colon adenocarcinoma)
cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM),
whereas A2780 (ovarian carcinoma) and A2789cis (ovarian carcinoma
cisplatin-resistant) cells in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 2 mmol dm™ L-glutamine, and HEK293
(embryonic kidney) cells in Eagle's Minimum Essential Medium (EMEM)
supplemented with 1 % of non-essential amino acids. All media were
supplemented with 10 % fetal bovine serum (FBS), fundamental for cell
growth, and 1 % amphotericin-penicillin-streptomycin solution (all
from Sigma Aldrich). The antibiotic is added to prevent bacterial
contamination. Cell cultures are grown in a plastic flask in 10 cm® of cell
culture media and incubated in a humid atmosphere at 37 °C under a 5
% CO, atmosphere. Once 90 % of confluence is reached, subculture is
performed by trypsinization. The cells are resuspended in 1.0 cm® of PBS
and counted to have the desired cell concentration.

4.3.9. MTT-assay — antiproliferative activity

Approximately 5 x 10% A549, 1 x 10* SW480, 2 x 10* A2780,
A2780cis and HEK293 cells per well were seeded in 0.200 cm?® of their
culture medium in 96-well plates and incubated for 24 h at 37 °C under a
5 % CO, atmosphere. Then, the cells were treated with different con-
centrations of the complexes under study for 24 h. Cisplatin (CDDP) was
used as a positive control at its ICs value (4 wells), and the max per-
centage of DMSO as a negative control (4 wells). 8 wells were seeded
without treatment to have the maximum value for alive cells. After-
wards, the medium was removed, and cells were incubated with 0.100
em® of MTT (3-(4,5-dimethyltiazol-2-y1)-2,5-diphenyltetrazolium-
bromide) (Sigma Aldrich) dissolved in culture medium (500 mg cm™3).
The reduction of the yellow salt, thanks to mitochondrial dehydroge-
nase, forms the blue formazan in the living cells. After 3-4 h of incu-
bation, the formazan crystals were dissolved by overnight incubation
with 0.100 cm? of the solubilized solution (10 % SDS and 0.01 mol dm—3
HCI). Finally, the absorbance was read at 590 nm on a microplate reader
(Cytation 5 Cell Imaging Multi-Mode ReaderBiotek Instruments, USA).
Four replicates per dose were included and at least two independent
experiments were performed for the calculation of the half-maximal
inhibitory concentration (ICsg) values employing GraphPadPrism Soft-
ware Inc. (version 6.01) (USA).

4.3.10. Flow cytometry

Apoptosis was evaluated by flow cytometry with an Annexin V:FITC
Assay Kit (Biorad) according to the manufacturer's instructions. 2 x 10°
SW480 cells were seeded in 1.0 cm? of cell culture medium in 12 well
plates. After 24 h of incubation, the cells were treated with the half-
maximal inhibitory concentration of each complex for 24 h. Cisplatin
(CDDP) was used as positive apoptotic control, while TRITON 1 % was
used as death (necrotic) control and added 10 min before the harvesting
of the cells. Afterwards, the cells were washed with cold PBS, harvested,
and resuspended in a binding buffer. Then, the cells were doubly stained
with the Annexin V:FITC conjugate and propidium iodide (PI). Imme-
diately after PI addition, the cells were injected in a NovoCyte Flow
cytometer (ACEA Biosciences, Inc., USA). 10,000 events were counted
and analysed by using the NovoExpress 1.4.0 Software. Two replicates
and two independent experiments were performed.

4.3.11. Cell uptake

1.5 x 10° SW480 cells were seeded in 2.0 cm® of cell culture medium
in 6 well plates for 24 h. Afterwards, the cells were treated with a
concentration of 5 pmol dm ™ for each metal complex for 24 h. CDDP
was used as a positive and reference control. Afterwards, the cells were
harvested and then washed twice with PBS to remove the metal complex
that was not internalised to obtain the cell pellet. The cells were counted
by resuspending them in 0.500 cm® of PBS to obtain the cell concen-
tration (number of cells cm3). 2.0 cm® of HCI/HNO3 3:1 mixture (aqua
regia) Suprapure solution (dilution 1:1 with MilliQ water) were added to
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mineralise the samples (90 °C overnight). A dilution with MilliQ water
to have a final volume of 6.0 cm® per sample was done, and an ICP-OES
analysis was performed to have the concentration of each metal centre
internalised by the cells expressed in pg of metal/number of cells.
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