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Introduction

The effect of halogenation of salicylaldehyde on
the antiproliferative activities of {A/A-[Ru(bpy).(X,
Y-sal)|BF;} complexes

Maryam Taghizadeh Shool,* Hadi Amiri Rudbari, & ** Tania Gil-Anton,”
José V. Cuevas-Vicario, (9 ® Begofia Garcia, {2 Natalia Busto, { **< Nakisa Moini*
and Olivier Blacque 2 ¢

Ru(n) polypyridyl complexes are widely used in biological fields, due to their physico-chemical and photo-
physical properties. In this paper, a series of new chiral Ru(i) polypyridyl complexes (1-5) with the general
formula {A/A-[Ru(bpy),(X,Y-sal)IBF4} (bpy = 2,2'-bipyridyl; X,Y-sal = 5-bromosalicylaldehyde (1), 3,5-
dibromosalicylaldehyde (2), 5-chlorosalicylaldehyde (3), 3,5-dichlorosalicylaldehyde (4) and 3-bromo-5-
chlorosalicylaldehy (5)) were synthesized and characterized by elemental analysis, FT-IR, and *H/*C NMR
spectroscopy. Also, the structures of complexes 1 and 5 were determined by X-ray crystallography; these
results showed that the central Ru atom adopts a distorted octahedral coordination sphere with two bpy
and one halogen-substituted salicylaldehyde. DFT and TD-DFT calculations have been performed to
explain the excited states of these complexes. The singlet states with higher oscillator strength are corre-
lated with the absorption signals and are mainly described as *MLCT from the ruthenium centre to the
bpy ligands. The lowest triplet states (T;) are described as *MLCT from the ruthenium center to the salicyl-
aldehyde ligand. The theoretical results are in good agreement with the observed unstructured band at
around 520 nm for complexes 2, 4 and 5. Biological studies on human cancer cells revealed that dihalo-
genated ligands endow the Ru(i) complexes with enhanced cytotoxicity compared to monohalogenated
ligands. In addition, as far as the type of halogen is concerned, bromine is the halogen that provides the
highest cytotoxicity to the synthesized complexes. All complexes induce cell cycle arrest in GO/G1 and
apoptosis, but only complexes bearing Br are able to provoke an increase in intracellular ROS levels and
mitochondrial dysfunction.

diseases. Cisplatin (CDDP) is one of the best and first metal-
based chemotherapeutic drugs.'” Nevertheless, cisplatin does

Chemotherapy is an effective and widespread way of cancer
treatment in which one or more chemotherapeutic or alkylat-
ing agents are used. In the past few years, there has been great
interest in the use of metal compounds for the treatment of
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not display its highest potential because of side effects, which
include toxicity and drug resistance.® Therefore, inorganic
chemistry researchers have focused on the design, synthesis
and investigation of the anticancer activity of complexes with
other metal ions, such as Ru(u,u), Cu(u), Zn(u), Pd(u), Rh(ur)
etc.*®

In recent decades, ruthenium complexes have become an
attractive option for biological application due to their distinct
features such as (1) existence stable different oxidation states
under biological conditions, (2) less toxicity due to higher
selectivity of cancer cells toward healthy cells, and (3) ability to
mimic iron in binding biomolecules such as transferrin and
albumin because these proteins play a key role in the transport
of metallodrugs and their receptors are largely overexpressed
on the surface of malignant cells.”'° Despite the synthesis of
a large number of ruthenium complexes with anticancer pro-
perties, only a few of them, like NAMI-A and KP1019 (Fig. 1)
have been employed in human clinical studies,"*"® probably

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Chemical structures of NAMI-A, KP1019 and TLD-1433.

due to their poor water solubility, insufficient effectiveness or
ungovernable interaction with serum proteins.'* As a result,
the synthesis of new Ru-based compounds is still necessary in
order to improve the physicochemical properties (water solubi-
lity) and anticancer activity of complexes."”™"” The reactivities
of transition metal coordination compounds often become
controlled by the environment around the coordination
sphere. Hence, polypyridines with multiple covalently bonded
pyridine groups exhibit unique photophysical and redox
properties.'®"?
porting ligands stabilizing metal complexes, but also are uti-

Bipyridine analogues not only function as sup-

lized as photosensitizers*® and phosphorescent materials.*!

For the first time, two Ru(u) polypyridyl complexes,
[Ru(phen);](ClO,), and [Ru(bpy);](ClO,), have been biologically
investigated in the 1950s.'® Ru(u) polypyridyl complexes have
been widely investigated in cellular imaging, chemotherapy
and photodynamic therapy due to their unique photochemical
and photophysical properties, which can in turn be controlled
by suitable variations of the auxiliary and primary ligands
around the Ru(n) metal center.”>>* The relationship between
the number of heteroatoms involved in the supporting ligand
and the reactivity of the complex has been reported in a ruthe-
nium complex containing bipyridine analogues.>* The investi-
gation of the electronic properties of cyclometalated ruthe-
nium polypyridyl has continued to be active for many
years.”>>’

Nowadays, the most attractive Ru(i) polypyridyl complex is
the TLD-1433 compound (Fig. 1), that has recently entered
phase 1II clinical studies for the treatment of nonmuscle inva-

sive bladder cancer.'*?®

This journal is © The Royal Society of Chemistry 2022
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To explore the structures of ruthenium complexes with
salicylaldehyde derivatives, C. Chen et al. have studied the
coordination modes of salicylaldehyde derivatives in the Ru(u)
nitrosyl and Ru(u) bis(2,2"-bipyridine) complexes, with the cat-
ionic ruthenium complex [Ru(bpy)2(k2-O,0-salCl)](PF¢) being
similar to CIByRu(3).>° The antitumoral and antimicrobial bio-
logical activity of some ruthenium carbonyl derivatives of the
bis-(salicylaldehyde)phenylenediimine Schiff base ligand have
been studied. The data showed that the complexes have the
capacity of inhibiting the metabolic growth of the investigated
bacteria to different extents, which may indicate their broad-
spectrum properties, especially for the bipyridine derivative.*”

Lastly, it is well-known that natural products contain halo-
gens in their structures. Therefore, halogenation should be an
invaluable approach for the structural modification of natural
products for drug development.*’ Thus, halogen atoms are
widely used as substituents in medicinal chemistry which
enhance the bioactivity and bioavailability of drugs through
attractive intermolecular interaction (halogen bonding)
between an electrophilic site on a halogen and a nucleophilic
site of the molecule namely the lone pair of heteroatoms like
N,O and S in proteins.**** Also, the introduction of halogens
into the phenyl ring decreases drug metabolism.*™”
Therefore, halogen bonding is a powerful tool to design more
effective medicinal compounds for medicinal chemistry. For
instance, it has been recently described that in a series of Pd
(1) complexes with halogen-substituted Schiff bases and
2-picolylamine, the number and types of halogens influence
not only the chirality but also their cytotoxicity towards breast
cancer cells.*® In contrast, Hartinger et al. found no significant
differences as a function of halogens in the anticancer activity
of piano stool Ru(i) complexes bearing 8-hydroxyquinoline.*’

Recently we synthesized a series of Cu(diimine)(X,Y-sal)
(NOj3) complexes, where the diimine is either bpy or phen, sal
is salicylaldehyde, and X and Y are Cl, Br, I and H. The data
set showed the potential of these bpy derivatives for further
in vivo studies.*’

On the basis of these promising results, we synthesized
such kinds of compounds with different metal ions. From the
first attempt, based on the above description of the anticancer
activity of the ruthenium compounds, we concluded on the
one side that the ruthenium atom is the best alternative for
the copper atom and, on the other side, the properties of the
Ru(n)-bpy, Ru(u)-salicylaldehyde base derivatives and the intro-
duction of halogens into the phenyl ring have prompted us to
report the synthesis, structural characterization, and anti-
bacterial and anticancer activity of this series of novel chiral
{A/A-[Ru(bpy),(X,Y-sal)|BF,} complexes (1-5), where X,Y-sal is
monoanionic halogenated salicylaldehyde (X = Cl, Br and H;
Y = Cl and Br).

Results and discussion

A series of chiral complexes A/A-[Ru(bpy),(X,Y-sal)|BF, were
synthesized by reacting Ru(bpy),Cl, with halogen-substituted

Dalton Trans., 2022, 51, 7658-7672 | 7659
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Scheme 1 Synthetic route to the formation of Ru(bpy),Cl, and A/A-[Ru(bpy),(X,Y-sal)]BF4; complexes.

salicylaldehydes reported in the Experimental section. An
outline of the synthesis route is presented in Scheme 1. The
resulting brown-black complexes were analyzed by FT-IR, 'H
NMR and "*C NMR spectroscopy, and elemental analysis and
two of them, 1 and 5, were studied by X-ray diffraction analysis.
Because of the geometrical arrangement of the bpy chelating
ligands around the Ru(n) ion, the configuration at the Ru(u)
metal center may be A or A (for more details see the X-ray
structural analyses section).

The IR spectra of the complexes exhibit common character-
istic bands for C=0 (aldehyde) and B-F (BF,). The stretching
frequency for C=0 in compounds 1, 2, 3, 4 and 5 occurs at
1600.6, 1579.4, 1584.2, 1583.2 and 1578.4 cm™*
The main stretching frequency for the BF, anion occurs at
1055.8, 1056.8, 1057.7, 1058.7 and 1054.8 cm™" for compounds
1,2, 3, 4 and 5, respectively.*”

All complexes showed well-defined 'H/**C NMR spectra
(Fig. S1t), permitting the unambiguous identification and

, respectively.*!

assessment of purity. In the "H NMR spectra of the complexes,
the aldehyde proton (CHO) from the halogen-substituted sali-
cylaldehyde ligand gives rise to signals at 8.92, 9.04, 8.93, 9.05
and 9.04 ppm for 1, 2, 3, 4 and 5, respectively. In the range of
6.5-8.7 ppm the signals of the aromatic protons from the
halogen-substituted salicylaldehyde ligand appear to be over-
lapped with those from the bpy ligand. The main modification
observed in the 'H NMR spectra of the complexes in relation

7660 | Dalton Trans., 2022, 51, 7658-7672

to that of the free salicylaldehyde ligand is the absence of a
resonance at ~10.90 ppm assigned to the proton of the phenol
oxygen, indicating its deprotonation.*?

The >C NMR spectra show 27 signals for all complexes.
The peak observed at ~188.00 ppm is ascribed to the aldehyde
carbon atom. The existence of this peak in the spectra of the
complexes supports the presence of the salicylaldehyde ligand
in the structure of the Ru(u) complexes. The peaks in the range
of 104.6-169.9 ppm are assigned to the aromatic protons.

X-ray structural analyses

The formation of complexes 1 and 5 was also confirmed by
single-crystal X-ray diffraction analysis (Fig. 2). Crystallographic
data for these complexes are listed in Table 1, whereas selected
bond lengths and angles are displayed in Table 2.

Both complexes, 1 and 5, have similar structures and crys-
tallize in the space group P1, with one enantiomer of the
complex occupying the asymmetric unit.

In the cationic part of these complexes, the deprotonated
aldehyde coordinates to the Ru(u) atom through the phenol-O
and aldehyde-O atoms, forming a virtually planar six-mem-
bered chelate ring [maximum deviation from the least-squares
plane = 0.053 A (1) and 0.040 (5)], and two bidentate bpy co-
ligands through their nitrogen atoms.**

The ruthenium atoms in both structures adopt a slightly
distorted octahedral coordination geometry (Fig. 2). The

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Molecular structure and atomic labeling scheme of the cationic part of compounds 1 (left) and 5 (right). Thermal ellipsoids are drawn at the
30% probability level, while the hydrogen size is arbitrary. Disordered water and ethanol molecules and the BF4 counter ion are omitted for clarity.

Table 1 Crystallographic data for 1 and 5

1 5
Empirical formula Cs4H4,B,Br,FgNgOsRu, CsgH5,B,Br,Cl,FgNgO,Ru,
Formula weight 1418.53 1579.55
Temperature (K) 298(2) 160(1)
Wavelength (A) 0.71073 1.54184
Crystal system Triclinic Triclinic
Space group P P1
a (A) 10.508(2) 11.7796(7)
b (A) 12.625(3) 12.0345(7)
c(d) 13.078(3) 12.9612(8)
a () 108.15(3) 63.333(6)
Q! 107.82(3) 70.416(6)
7 () 94.36(3) 76.745(5)
Volume (A%) 1541.1(8) 1540.17(19)
Z/calculated density (g cm™) 1/1.529 1/1.703
Absorption coefficient (mm™") 1.861 7.006
F(000) 702 786.0
0 range (°) 2.655 to 29.329 () 7.92 to 149.008 (26)
h; k; [ ranges —13,14; +17; —18, 17 +14, —15, 12; —16, 15

Reflections collected/unique
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 26(1)]

R indices (all data)

Largest diff. peak and hole (e A™)
CCDC number

28927/8382 [R(int) = 0.0584]
Full-matrix least-squares on F
8382/0/379

0.978

R, = 0.0555/WR, = 0.1611

R, = 0.0836/WR, = 0.1795
1.091/-1.065

2150468

25964/6270 [Rint = 0.0855]
Full-matrix least-squares on F
6270/195/416

1.039

R, = 0.0583/WR, = 0.1430

R, = 0.0960/WR, = 0.1635
0.97/-0.93

2108989

Ru-Ny,p,, bond lengths are in the range of 2.027(4)-2.056(3) A
and 2.031(6)-2.045(6) A for 1 and 5, respectively. The
RU-Ogjdehyae Dond lengths are 2.080(3) and 2.054(5) A for 1
and 5, respectively, while the Ru-Oppheno bond lengths are
2.066(3) and 2.083(4) A for 1 and 5, respectively. The Ru-N
bond trans to the Ru-Ophenol bond (for 1: 2.043(3) A; for 5:
2.040(5) A) is longer than the Ru-N bond trans to the
RU-Oyygenyde bond (for 1: 2.027(4) A; for 5: 2.031(6) A). These
results are consistent with the stronger trans influence of the
Ophenol atom compared to that of the Oyjgenyde atom.*?

This journal is © The Royal Society of Chemistry 2022

Because of the geometrical arrangement of the bpy chelat-
ing ligands and centrosymmetric space group (P1 for both
complexes), the configuration at the Ru(u1) metal center is A or
A. Therefore, two enantiomers are possible such as A and A.*°

The most noticeable distortion of the ideal octahedral geo-
metry corresponds to the N-Ru-N bond angles, formed by the
chelating bpy ligands, which are near 80° for both complexes
(Table 2). These angles are shorter than ideal 90° found in a
regular octahedron due to the geometrical requirements of the
chelate rings formed by the bpy ligands.*®

Dalton Trans., 2022, 51, 7658-7672 | 7661
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Table 2 Selected bond length (A) and angle (°) for 1 and 5

1 5

Experimental Calculated Experimental Calculated

XRD DFT XRD DFT
Ru(1)-N(1) 2.056(3) 2.080 2.042(6) 2.081
Ru(1)-N(2) 2.027(4) 2.055 2.031(6) 2.053
Ru(1)-N(3) 2.043(3) 2.065 2.040(5) 2.064
Ru(1)-N(4) 2.042(4) 2.081 2.045(6) 2.077
Ru(1)-0(1) 2.066(3) 2.094 2.083(4) 2.084
Ru(1)-0(2) 2.080(3) 2.103 2.054(5) 2.105
N(1)-Ru(1)-N(4) 177.08(15) 175.92 175.2(2) 176.20
N(1)-Ru(1)-O(1) 85.94(14) 87.49 88.54(19) 86.82
N(1)-Ru(1)-0(2) 95.05(13) 95.79 95.0(2) 95.50
N(1)-Ru(1)-N(2) 79.33(15) 79.05 79.7(2) 79.13
N(3)-Ru(1)-N(2) 89.21(15) 91.69 88.8(2) 93.05
N(2)-Ru(1)-N(4) 97.97(15) 97.78 95.9(2) 97.51
N(2)-Ru(1)-O(1) 88.17(14) 88.95 91.87(18) 87.77
N(2)-Ru(1)-0(2) 174.26(12) 174.78 173.8(2) 174.16
N(3)-Ru(1)-N(1) 99.66(14) 98.53 98.4(2) 99.37
N(3)-Ru(1)-N(4) 79.10(15) 78.90 79.5(2) 78.95
N(3)-Ru(1)-0(1) 173.27(13) 173.96 173.1(2) 173.80
N(3)-Ru(1)-0(2) 92.93(13) 89.88 89.0(2) 90.08
N(4)-Ru(1)-O(1) 95.12(15) 95.05 93.5(2) 94.85
N(4)-Ru(1)-0(2) 87.67(14) 87.41 89.3(2) 87.93
O(1)-Ru(1)-0(2) 90.26(13) 90.01 91.10(17) 89.66

Fig. 3 A view of the structural overlap of cationic part of 1 and 5,
having an RMSD deviation of 0.024 A. Hydrogen atoms are omitted for
clarity.

The similarity of both structures can be confirmed in the
best way by overall conformation. As shown in Fig. 3, the di-
hedral angles between the three coordinating planes (N(1)-
Ru(1)-N(2), N(3)-Ru(1)-N(4) and O(1)-Ru(1)-O(2)) in the two
structures are slightly different. The dihedral angles are
93.956, 87.374 and 92.182° for complex 1 and 91.654, 89.335
and 91.172° for complex 5, respectively for planes O(1)-Ru(1)-
O(2)/N(1)-Ru(1)-N(2), O(1)-Ru(1)-O(2)/N(3)-Ru(1)-N(4) and
N(1)-Ru(1)-N(2)/N(3)-Ru(1)-N(4).

Theoretical studies

Density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations for complexes 1-5 were performed to
explain the photophysical properties of these complexes (see

7662 | Dalton Trans., 2022, 51, 7658-7672
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the Experimental section for details). As shown in Table 2, the
comparison of the experimental XRD structures with the theor-
etically modeled complexes shows a good agreement between
the bond distances, angles and torsional angles, validating the
level of theory.

Fig. 4 displays the energy levels and the isosurface contour
plots of the selected frontier molecular orbitals for complex 1.
The electronic structure of complexes 2-5 is very similar to the
one calculated for complex 1 (see Fig. S3-S67). In all of them
the HOMO-LUMO gap is ranging between 3.10 and 3.13 eV
(see Fig. S2t). In compound 1 (as a representative example) the
HOMO is contributed by the orbitals of the Ruthenium atom
(50.7%) and the salicylaldehyde ligand (39.3%) while the
LUMO and LUMO+1 are mainly spread over the bpy ligands
(see Table S1t) in a similar manner as it has been described
for similar complexes?” or related complexes of ruthenium
with bpy ligands and a chelating oxygen donor ligand.*®*°

TD-DFT calculations have been performed to explore the
nature of the low-lying singlet and triplet states with the geo-
metries of the ground state. Tables 3 and S27 summarize the
calculated excited states. For complex 1, the absorption in the
experimental spectra (Fig. 5A) appeared at 492 nm is assigned
to the singlet excited state Sg (445.5 nm) and it is mainly a
double transition from the HOMO-2 to the LUMO and to the
LUMO+1 with a calculated oscillator strength of 0.1034 corres-
ponding to a Metal-to-Ligand Charge Transfer (‘MLCT) from

-1.945 M
-2.140
22187

>

@

&

< 3.104

=

(NN ]
-5.291 Y
-5.444 —
-5.788 —

1

Fig. 4 Energy levels and isosurface contour plots (0.03 a.u.) for
complex 1.

This journal is © The Royal Society of Chemistry 2022
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Table 3 Lowest singlet and triplet excited states calculated at the TDDFT B3LYP/(def2-SVP + LANL2DZ) level for complex 1 in water solution®

Complex Estate Energy (eV) A (nm) f.osc. Monoexcitations Nature Description
1 S, 2.174 570.3 0.0067 HOMO — LUMO (82) d(RU) + Tga) = Tppy MLCT/'LLCT
S, 2.177 569.6 0.0041 HOMO — LUMO+1 (74) do(Ru) + Ty = Tppy MLCT/'LLCT
Ss 2.215 559.8 0.0168 HOMO-1 — LUMO (81) d(RU) = T py 'MLCT
Ss 2.782 445.5 0.1034 HOMO-2 — LUMO (56) dn(Ru) = ¥y, 'MLCT
HOMO-2 — LUMO + 1 (27) d(Ru) = ¥ py MLCT
S50 3.607 343.7 0.0704 HOMO-2 — LUMO + 3 (55) dn(Ru) — ¥y, MLCT
HOMO-1 — LUMO + 5 (27) dn(Ru) — ¥y 'MLCT
T, 1.784 695.0 HOMO-1 — LUMO + 2 (93) dy(Ru) > 1*gqy 3MLCT
T, 1.796 690.2 HOMO-1 — LUMO (54) dn(Ru) — ¥y, *MLCT
HOMO — LUMO (27) do(RU) + Moy = Tppy *MLCT/LLCT
T, 1.842 673.0 HOMO — LUMO + 1 (77) d,[(Ru)+nS(,l—>nbpy SMLCT/’LLCT
T, 1.953 634.7 HOMO - LUMO + 2 (73) do(RU) + Mgy = T ga1 SMLCT/’LC
Ts 1.989 623.5 HOMO-1 — LUMO (27) dn(Ru) — ¥y, *MLCT
HOMO-1 — LUMO + 1 (38) dn(Ru) = ¥y *MLCT
HOMO — LUMO (29) do(Ru) + T = Tppy *MLCT/’LLCT

“Vertical excitation energies (E), dominant monoexcitations with contributions (within parentheses) of >15%, the nature of the electronic tran-

sition, and the description of the excited state are summarized.

/A A —2
0.6
—1
5 —
® 4| 2
2 044 —3| =z
© \ 2
G=) \ i
IS} \ z
w
o= |
< 0% P
0.0 . . . —
300 400 500 600
A, nm

Fig. 5

the ruthenium center to the bpy ligands. Lower energy singlet
excited states displayed very low values of the oscillator
strength. In the same complex, the signal appeared at 363 nm
is assigned to the singlet excited state S,, (343.7 nm, with a
calculated oscillator strength of 0.0705), which is mainly a
double transition from the HOMO—-2 to the LUMO+3 and from
the HOMO-1 to the LUMO+5. Both HOMO—-2 and HOMO-1
show a high participation of atomic orbitals of the ruthenium
center, and the LUMO+3 and the LUMO+5 are centered on the
bpy ligands, therefore these transitions can be described as a
Metal-to-Ligand charge Transfer ("MLCT). Similar results can
be observed with complexes 2-5 as both the experimental
absorption spectra and the calculated electronic structure of
all of them are very close.

The fluorescence emission spectra of all compounds are
reported in Fig. 5B. The emission spectra of these complexes
display important differences. Complexes bearing two halogen
atoms on the salicylic ring (2, 4 and 5) feature a non-structured
emission band at about 520 nm, while complexes with only
one halogen atom (1 and 3) do not show any band in the same
region. The first five calculated triplet excited states are

This journal is © The Royal Society of Chemistry 2022
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(A) Absorption spectra of 20 pM of all complexes in DMSO. (B) Fluorescence spectra of all complexes (120 uM) in water at dex = 403 nm.

reported in Tables 3 and S2.1 In complexes 1 and 3, the triplet
T, lies 0.39 eV and 0.37 eV respectively lower than the corres-
ponding singlet S;. This difference in the energy is bigger in
the complexes featuring a second halogen atom on the salicy-
laldehyde ligand, with differences around 0.50 eV in these
complexes. In complexes with only one halogen atom on the
salicylaldehyde ligand (1 and 3) the triplets T, and T; are
closer in energy (separated by 0.058 eV and 0.059 eV respect-
ively) than those in the complexes with two halogen atoms in
the salicylaldehyde ligand (with differences in the energy of
0.146 eV, 0.157 eV and 0.152 eV for 2, 4 and 5 respectively). In
all cases, the first five triplet excited states are results of metal-
to-ligand charge transfer from the ruthenium center to the bpy
or to the salicylaldehyde ligands, along with some ligand-
ligand charge transfer and ligand centered character. The
excited states that display this ligand-ligand or ligand centered
character are those in which there is an important partici-
pation of the HOMO as this molecular orbital is composed
mainly of orbitals belonging to the ruthenium atom and to the
salicylaldehyde ligand (see Table S2t). The lowest energy
triplet state, Ty, is described for all complexes as a Metal-to-
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Ligand Charge Transfer (*MLCT) from the ruthenium center to
the salicylaldehyde ligand with the only one exception of
complex 3 in which the same transition corresponds to the cal-
culated exited state Tz, with T; for complex 3 being a combi-
nation of transitions from the HOMO to the LUMO and to the
LUMO+1 (see Table S27) that can be described as a *MLCT
from the ruthenium to the bpy ligands. The strong component
of *MLCT in the calculated triplet excited states is in good
accordance with the observed unstructured band at around
520 nm observed for complexes 2, 4 and 5.

The geometries of the lowest triplet states T, and T, of com-
plexes 1-5 were optimized using the spin-unrestricted DFT
approach. After this geometry relaxation, the differences in the
energy of each T; and T, state with their related S, are calcu-
lated (adiabatic energy differences) and gathered in Table 4. In
all cases, the calculated energy values are underestimated. The
optimized triplet excited state of the lowest energy displays a

Table 4 Energies of the experimental emission of the complexes and
the theoretically calculated difference between the triplet states T, and
T, and the singlet state Sq (eV, nm)

1 2 3 4 5

Emission —
(experimental)

Adiabatic T;-S,
Adiabatic T,-S,

2.38; 522 — 2.39; 518 2.37; 524
1.68; 738 1.63; 761 1.67;742 1.60;775

1.82; 680 1.85;669 1.81;686 1.83;676

1.58; 784
1.84; 672
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spin-density distribution that supports the description of the
TD-DFT calculations. For complexes 1, 2, 4 and 5, the spin-
density distribution of the optimized T, state is spread mainly
over the salicylaldehyde ligand and the ruthenium center with
values of spin densities for complex 1, as a representative
example, of 0.77e for Ru and 1.20e for the salicylaldehyde
ligand, in good agreement with the TD-DFT calculated T,
excited state (see Fig. 6 and Fig. S7f and Table 4 and
Table S37). Similarly, the second triplet state optimized is
mainly spread over the bpy ligand and the ruthenium atom
(0.84e for Ru and 1.01 for bpy ligand in complex 1 as example),
in good agreement with the TD-DFT calculated T, excited
state. In the case of complex 3, the optimized T, state displays
an analogous spin-density distribution to the one described
for the other complexes, but this state is represented by the
excited state T; in the TD-DFT calculations, as said above. As
can be seen in Table 4 the difference in the energy between T,
and T; for complex 3 is only 0.059 eV, and probably the appar-
ent disorder of the triplet states in this complex arises from
the fact that the triplet states calculated by TD-DFT are
obtained over the geometry of the singlet ground state and the
geometry of the triplet states is slightly modified.

Stability in solution

The ligands and the Ru(un) complexes were firstly dissolved in
DMSO. The stability of the synthesized complexes was evalu-
ated in DMSO (Fig. S8f), in buffered aqueous solution

Fig. 6 Spin-density contours (0.0008 a.u.) calculated for fully relaxed T; (left) and T (right) states of complexes 1 (up) and 3 (down).
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(2.5 mM sodium cacodylate (NaCaC), pH = 7, 0.1% DMSO)
(Fig. S91) and under pseudophysiological conditions (2.5 mM
NaCacC buffer with 0.1 M NaCl and pH = 7) by UV-vis measure-
ments (Fig. S10t). All Ru(u) complexes were stable for 24 h in
DMSO whereas some changes were observed in aqueous
buffered solution for the dihalogenated complexes 2, 4 and 5.
After 72 h of light-protection at room temperature, the bands
around 360 and 480 nm decreased while a new band at
400 nm emerged. These changes occurred both in the absence
and in the presence of 0.1 M NacCl. In order to shed some light
on the possible cause of these changes, the absorption spectra
of the dihalogenated ligands were recorded. All of them exhibi-
ted a band centered at 400 nm (Fig. S11t). Therefore, we
hypothesized that the instability of the dihalogenated com-
plexes in aqueous solution is due to the release of the salicylal-
dehyde ligand.

To confirm this hypothesis, the evolution of complexes 1-5
in solution was monitored using NMR 'H spectroscopy.
Initially, the stability of the complexes in DMSO was verified as
no changes in the compounds were observed for 120 hours at
room temperature (see Fig. S12A-Ef). The influence of the
presence of water in these solutions was studied by adding a
small amount of deuterated water to the samples. As shown in
Fig. S13A-E,T the complexes bearing two halogen atoms on
the salicylaldehyde ligand (2, 4 and 5) undergo slight
decomposition because we find the appearance of the signal
of the free ligand at about 10 ppm. This decomposition
process seems to be much slower in the complexes with only
one halogen on the salicylaldehyde ligand (1 and 3), and can
be attributed to the different steric hindrance of the halogen
atom in comparison with the hydrogen atom.

Biological studies
Antibacterial activity

The antibacterial activity of the compounds was studied
against pathogens of clinical interest endowed with a high rate
of antibiotic resistance. The minimum inhibitory concen-
tration (MIC), that is, the lowest concentration of the tested
compounds which are able to inhibit bacterial growth, was
determined against two Gram positive (vancomycin-resistant
Enterococcus  faecium and a methicillin - resistant
Staphylococcus aureus) and two Gram negative (Acinetobacter
baumannii and Pseudomonas aeruginosa) strains. The obtained
results are collected in Table S4.f All the salicylaldehyde
ligands and the metallic fragment ByRu are completely inac-
tive. In contrast, all the complexes (with the exception of
complex 3) are active only against Gram positive bacteria and,
in general, they display a greater antibacterial activity against
MRSA S. aureus than that against VR E. faecium. The lack of
activity in Gram-negative strains may be related to the
additional outer membrane that hinders their entrance into
the cell.’® In comparison with the fluoroquinolone antibiotic
Norfloxacin, the observed antimicrobial activities are low to
deserve their study as antimicrobials.

This journal is © The Royal Society of Chemistry 2022
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Cytotoxicity

The potential of the synthesized complexes as antitumoral
agents is explored by evaluating their antiproliferative activity
in a variety of cell lines: A549 (human lung adenocarcinoma),
SW480 (colon adenocarcinoma) and A2780 (human ovarian
carcinoma), and in the human embryonic kidney cell line
(Hek293), after 72 h of treatment. The calculated ICs, values
and the selectivity index (ICsgnealthy/ICs0cancer) are collected in
Table 5.

Neither the ligands nor the metallic fragment (ByRu) are
cytotoxic compounds. Interestingly, these Ru(i) complexes are
less cytotoxic than previously studied Cu(bpy)(X-sal)(NO3) (X =
Cl, Br, I or H).*® The cytotoxic potential of the Ru(m) complexes
is influenced by both the number and the types of halogens in
the salicylaldehyde ligand. Regarding the number of halogens,
two exhibited higher cytotoxicity than one, and regarding the
types of halogens, Br rendered the complex more cytotoxic
than Cl. Interestingly, these results differ from those obtained
for the Cu family where the monohalogenated complexes and
those complexes bearing Cl as the halogen are the most cyto-
toxic derivatives.

On the other hand, if the selectivity index (SI) is considered,
4 is the most promising complex of the series since it displays
the highest selectivity towards ovarian cancer cells (SI = 6.1). It
seems that the increase in the cytotoxicity achieved with
additional Br (in the position X of Scheme 1) is associated
with a decrease in the selectivity of the Ru(ur) complexes. Then,
the cellular uptake of the Ru(u) metal complexes was studied
by means of ICP-MS experiments. The collected results (Fig. 7)
show that all the complexes are more internalized with cispla-
tin being the halogen key for the cellular accumulation since
the complexes bearing Cl are less internalized than the Br-
complexes.

In order to shed some light on the mechanism of action of
these Ru(u) complexes, images of the A549 cells treated with
10 uM of the Ru(un) complexes at different incubation times
were recorded. After 17 h of treatment, important morphologi-
cal changes compatible with apoptosis such as cell shrinkage,

Table 5 [Cso (M) values obtained for 72 h of treatment in A549,
SW480, A2780 and Hek293 cells. Cisplatin (CDDP) is included as positive
control

ICs0 (uM)
SI = 1Csy, Hek203/
A549 SW480  A2780 Hek293 ICs0, A2780
CDDP 3.5+0.6 51+£06 4.0+0.6 2.0+0.3 0.5
Clsal >50 >50 >50 >50 —
BrSal >50 >50 >50 >50 —
Cl,Sal  >50 >50 >50 >50 —
BrClsal >50 >50 >50 >50 —
Br,Sal >50 >50 >50 >50 —
ByRu >50 >50 >50 >50 —
1 6.5+£09 25+05 2.7+03 8.4+04 3.1
2 1.3+£03 15+0.2 0.8+0.2 2.0%0.1 2.5
3 79+08 55+05 33+0.6 11.0+1.0 3.3
4 28+04 1.7+0.3 0.7+0.2 4.3%0.6 6.1
5 23+0.2 15+02 08+0.1 1.6+0.5 2
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Fig. 7 Cellular accumulation of the Ru(i) complexes in A549 cells
treated with 2 pM of the studied complexes during 24 h. CDDP is
included for comparison purposes.

cytoplasmic vacuolization, membrane blebbing, and apoptotic
body formation were observed (Fig. S147).

Apoptosis studies

To properly confirm if these Ru(u) complexes are able to
induce apoptosis, flow cytometry experiments with Annexin
V-FITC/Propidium iodide double staining were performed. The
collected results (Fig. 8) reveal that there is a greater percen-
tage of cells in early apoptosis than in late apoptosis or necro-
sis for all the complexes except for the monohalogenated
derivative 3. For this complex, the percentage of cells in early
apoptosis (9.5%) is almost the same as the necrotic cells
(10.1%). Anyway, all Ru(u) complexes induce apoptosis as a cell
death mechanism in A549 cells.

Once apoptosis induction is confirmed, we evaluate the cell
cycle distribution of A549 cells treated with the Ru(u) com-
plexes at their respective ICs, values by flow cytometry. An
increase in the GO/G1 population along with a decrease in the
percentage of cells in the S phase is observed due to the treat-
ment with all the Ru(u) derivatives (Fig. 9). As for halogena-
tion, it can be observed that Br induces a greater increase in
the percentage of cells in G0/G1 than CI. In addition, there is a
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Fig. 9 Cell cycle distribution of A549 cells treated with the Ru(i) com-
plexes during 24 h. Data are expressed as mean + SD (standard devi-
ation). Statistical significance: ns — not significant, * — significant, ** —
very significant and *** — extremely significant (ANOVA + Bonferroni).

reduction in the G2/M population for all the complexes except
for monohalogenated 3.

Since both apoptosis and cell cycle arrest at GO/G1 may be a
consequence of an increase in reactive oxygen species (ROS)
levels, the ability of these Ru(u) complexes to induce ROS pro-
duction was investigated by fluorescence measurements with
the probe 2'-7'-dichlorofluorescein diacetate (DCFH-DA).>*
DCFH-DA gets into the cells by passive diffusion where it is
hydrolyzed by esterases. Then, it is oxidized by ROS to yield
fluorescent dichlorofluorescein. The fluorescence of the cells
treated with the half maximal inhibitory concentration of the
Ru(n) complexes was collected after 4 h of treatment. The vari-
ation in the emission intensity with respect to the untreated
cells (corrected by the number of cells) is plotted in Fig. 10A
and reflects the intracellular ROS levels. The halogen seems to
influence ROS production since the presence of Br is essential
for ROS generation as complexes without Br are not able to
produce ROS. In addition, among the complexes bearing Br,
the monohalogenated complex 1 is the least efficient as the
ROS generator suggesting that the position of Br is a key issue
for their biological activity.

Mitochondrial membrane potential (MMP) is a key indi-
cator of the mitochondrial bioenergetic state since it is the
driving force for ATP production. On the other hand, mito-
chondrial activity is a prime source of endogenous ROS pro-

100-
80-
K]
S 604
o
H—
© 401
=S
20-
0-

Alive

Early Apoptosis Late Apoptosis

Necrosis

Fig. 8 Percentage of A549 cells in alive, early apoptotic, late apoptotic and necrotic phases. Data were obtained from duplicates of two different

flow cytometry experiments and plotted as mean + SD (standard deviation).
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(A) Relative intracellular ROS levels with respect to untreated A549 cells after 4 h of treatment with the vehicle or the Ru(i) complexes at

their ICsq values. (B) Relative MMP of A549 cells treated with the Ru(i) complexes with respect to untreated cells. Data were obtained from quadru-

plicates of two different experiments and plotted as mean + SD.

duction and mitochondrial dysfunction may be responsible for
the observed increase in ROS levels.”® Therefore, the effect of
the Ru(u) complexes on the MMP was evaluated by means of
the tetramethyl rhodamine methyl ester (TMRM) probe. The
complexes bearing Br in the position X of Scheme 1 suffer
mitochondrial depolarization since a substantial decrease in
their MMP in comparison with untreated cells is observed
(Fig. 10B).

Conclusions

To improve the anticancer activity of Ru(i) complexes, a series
of new chiral Ru(u) polypyridyl complexes A/A-[Ru(bpy),(X,Y-
sal)|BF, have been successfully synthesized and characterized.
The excited states have also been characterized with the help
of DFT and TD-DFT calculations. From the calculations it is
found that the emission signals are described as Metal-to-
Ligand Charge Transfers (*MLCT) from the ruthenium center
to the salicylaldehyde ligand.

The stability studies in solution have revealed that these
complexes undergo decomposition with the release of the sali-
cylaldehyde ligand being faster in dihalogenated than in
monohalogenated complexes. In addition, it has been
observed that halogenation is an important factor in the cyto-
toxicity of these complexes and in their mechanism of action.
Indeed, dihalogenated complexes exhibit higher cytotoxicity
than monohalogenated complexes and the type of halogen
plays an important role. On the one side, complexes bearing
chloride are more selective towards cancer cells than com-
plexes bearing bromide. On the other side, bromide as an
halogen is better than chloride in terms of half maximal
inhibitory concentration in cancer cells. In fact, the presence
of halogen is a decisive issue for their anticancer activity since
complexes with Br are more internalized than complexes with
Cl in cancer cells. Moreover, complexes bearing Br in the X
position are not only the most cytotoxic complexes but also
the most efficient derivatives in ROS generation along with an

This journal is © The Royal Society of Chemistry 2022

enhanced mitochondrion depolarization. In fact, oxidative
stress and mitochondrial dysfunction seem to be the mecha-
nism of action for this series of Ru(i) complexes.

Experimental
Chemicals and instrumentation

Ruthenium(m) chloride hydrate, lithium chloride, 2,2"-bipyri-
dyl, silver tetrafluoroborate, triethylamine, 5-bromosalicylalde-
hyde, 3,5-dibromosalicylaldehyde, 5-chlorosalicylaldehyde, 3,5-
dichlorosalicylaldehyde, and 3-bromo-5-chlorosalicylaldehyde
were purchased from Sigma-Aldrich and used without purifi-
cation. Ru(bpy),Cl, was prepared according to the literature
procedure.’*>> The commercial solvents were distilled and
then used for the preparation of ligands and complexes. The
FT-IR spectrum was recorded on a JASCO, FT/IR-6300 spectro-
meter (4000-400 cm™") in KBr pellets. Elemental analysis was
performed on Leco, CHNS-932 and PerkinElmer 7300 DV
elemental analyzers. "H- and ">C-NMR spectra for the Ru(m)
complexes were recorded on a Bruker Avance III 400 spectro-
meter using DMSO as the solvent at 20 °C.

Synthesis of the complexes

A general synthetic route was used for all complexes, in which
a solid sample of AgBF, (2 mmol) was added to the solution of
Ru(bpy),Cl, (1 mmol) in ethanol, and the mixture was stirred
overnight at room temperature under an argon atmosphere,
and then filtered to remove AgCl. Halogen-substituted salicy-
laldehyde (1 mmol) and one drop of Et;N in ethanol were
slowly added to the filtered red solution and the solution was
refluxed for 6 h under an argon atmosphere, and the solvent
was removed by evaporation under reduced pressure. Finally,
the dark red solid was dissolved in the lowest volume of
chloroform and precipitated with n-hexane. The black crystals
were obtained from ethanol solution in the refrigerator.
[Ru(bpy),(Br-Sal)|BF, (1). The black crystals for 1 were
obtained from ethanol solution in the refrigerator. Yield 86%.
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Anal. Caled for C,,H,,BBrF,N,O,Ru: C, 46.31; H, 2.88; N, 8.00.
Found: C, 46.28; H, 2.86; N, 8.02. IR (KBr, cm™'): 1600 (s,
C=0), 1055 (s, B-F). "H-NMR data (CDCl;, 400 MHz): 8.92 (s,
1Hpidenye), 8:67 (dd, 1Hy,), 8.56 (dd, 1H,,), 8.48 (d, 1H,,), 8.43
(d, 1H,,), 8.35 (d, 1Hy,), 8.29 (d, 1H,,), 8.09 (td, 1H,,), 8.03 (td,
1H,,), 7.78 (td, 1Ha,), 7.74 (m, 2H,,), 7.62 (dd, 1H,,), 7.53 (m,
2H,,), 7.31 (d, 1H,,), 7.19 (dd, 1Hy,), 7.13 (m, 2H), 6.50 (d,
1H,,). *C-NMR data (100 MHz, CDCl;): 187.46 (CHO), 169.97,
159.13, 158.64, 157.87, 157.65, 153.31, 153.00, 150.06, 149.54,
138.74, 137.34, 136.79, 135.74, 135.38, 127.51, 126.57, 126.33,
125.76, 125.55, 123.45, 123.38, 123.30, 123.22, 122.74, 119.27,
105.58.

[Ru(bpy),(Br,-Sal)|BF, (2). Yield 81%. Anal. Caled for
C,,H,4BBI,F,N,O,Ru: C, 41.62; H, 2.46; N, 7.19. Found: C,
41.65; H, 2.45; N, 7.17. IR (KBr, cm™'): 1579 (s, C=0), 1056 (s,
B-F). 'H-NMR (CDCl;, 400 MHz): 9.04 (s, 1Hajdenyde), 8-58 (td,
2H,,), 8.54 (d, 1H,,), 8.40 (d, 2H,,), 8.28 (d, 1H,,), 8.12 (td,
1H,,), 8.04 (td, 1Hy,), 7.79 (m, 3H,,), 7.66 (d, 1H,,), 7.62 (d,
1Hy,), 7.55 (m, 2H,,), 7.33 (d, 1H,,), 7.17 (td, 1Hy,), 7.13 (td,
1Ha,). C-NMR (100 MHz, CDCl;): 188.41 (CHO), 163.99,
159.13, 158.68, 157.88, 157.58, 153.53, 153.02, 149.78, 149.63,
140.15, 137.59, 137.21, 137.08, 135.95, 135.52, 126.72, 126.44,
125.83, 125.32, 123.63, 123.43, 123.27, 123.03, 122.95, 121.64,
104.62.

[Ru(bpy),(Cl-Sal)|BF, (3). Yield 90%. Anal. Calcd for
C,,H,,BCIF,N,O,Ru: C, 49.45; H, 3.07; N, 8.54. Found:
C,49.43; H, 3.05; N,8.56. IR (KBr, cm™'): 1584 (s, C=0), 1057
(s, B-F). "H-NMR (CDCl;, 400 MHz): 8.93 (s, 1Hldehyde); 8.67
(d, 1H,,), 8.57 (d, 1H,,), 8.50 (d, 1H,,), 8.45 (d, 1H,,), 8.36 (d,
1H,,), 8.31 (d, 1H,,), 8.09 (td, 1H,,), 8.03 (td, 1H,,), 7.74 (m,
3Hyuy), 7.61 (d, 1Hy,), 7.53 (m, 2H,,), 7.16 (d, 1H,,), 7.10 (m,
3Hy,), 6.55 (d, 1H,,). >C-NMR data (100 MHz, CDCl;): 187.44
(CHO), 169.78, 159.14, 158.66, 157.89, 157.67, 153.30, 152.98,
150.06, 149.54, 137.32, 136.77, 136.37, 135.73, 135.36, 133.92,
127.16, 126.54, 126.30, 125.75, 125.53, 123.45, 123.36, 123.29,
123.20, 122.43, 118.99.

[Ru(bpy),(Cl,-Sal)|BF, (4). Yield 84%. Anal. Caled for
C,,H;oBCL,F,N,O,Ru: C, 46.98; H, 2.77; N, 8.12. Found:
C,46.95; H, 2.78; N, 8.11. IR (KBr, cm™"): 1583 (s, C=0), 1058
(s, B-F). "H-NMR data (CDCl;, 400 MHz): 9.05 (S, 1Haidehyde)s
8.59 (t, 2Hy,), 8.54 (d, 1H,,), 8.41 (dd, 2H,,), 8.27 (d, 1Ha,),
8.12 (td, 1Hy,), 8.04 (td, 1H,,), 7.79 (m, 3Hy,), 7.66 (dd, 1Hy,),
7.55 (m, 2H,,), 7.34 (d, 1Hy,), 7.19 (m, 3H,,). *C-NMR data
(100 MHz, DMSO): 190.61 (CHO), 162.12, 158.97, 158.42,
157.33, 157.08, 153.67, 153.14, 149.98, 149.40, 137.58, 137.13,
135.77, 135.56, 134.19, 133.80, 129.17, 127.24, 126.62, 125.92,
125.67, 123.64, 123.58, 123.53, 123.33, 122.90, 116.01.

[Ru(bpy),(Cl,Br-Sal)|BF, (5). Yield 83%. Anal. Calcd for
C,7H19BBrCIF,N,O,Ru: C, 50.05; H, 2.96; N, 7.63. Found C,
44.11; H, 2.59; N, 7.60. IR (KBr, cm™*): 1578 (s, C=0), 1054 (s,
B-F). "H-NMR data (CDCl;, 400 MHz): 9.04 (s, 1Hajdenyde); 8-58
(td, 2Hy,,), 8.54 (d, 1H,,), 8.40 (d, 2H,,), 8.28 (d, 1H,,), 8.12 (td,
1Ha,), 8.04 (td, 1H,,), 7.79 (m, 3HAT), 7.66 (d, 1H,,), 7.55 (m,
3Hyay), 7.19 (d, 1H,,), 7.15 (m, 2H,,). >C-NMR data (100 MHz,
CDCl,): 188.58 (CHO), 163.73, 159.18, 158.73, 157.86, 157.57,
153.48, 152.94, 149.78, 149.64, 137.90, 137.58, 137.11, 135.87,
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135.54, 133.92, 126.73, 126.44, 125.76, 125.27, 123.55, 123.36,
123.27, 122.96, 122.02, 121.27, 118.43.

Single crystal X-ray details

X-ray data for 1 were collected on a STOE IPDS-II diffract-
ometer with graphite monochromated Mo Ka radiation. Data
were collected at 298(2) K in a series @ scans at 1° oscillations
and integrated using the StoeX-AREA®® software package. A
numerical absorption correction was applied using the X-RED
and X-SHAPE®”*® software. The data were corrected for Lorentz
and Polarizing effects. The structure was solved by direct
methods using SIR2004.>° The non-hydrogen atoms were
refined anisotropically by the full-matrix least-squares method
on F? using SHELXL.®°

Single-crystal X-ray diffraction data for 5 were collected at
160(1) K on a Rigaku OD XtaLAB Synergy, Dualflex, Pilatus
200 K diffractometer using a single wavelength X-ray source
(Cu K, radiation: [ = 1.54184 A) from a micro-focus sealed
X-ray tube and an Oxford liquid-nitrogen Cryostream cooler.
The selected suitable single crystal was mounted using polybu-
tene oil on a flexible loop fixed on a goniometer head and
immediately transferred to the diffractometer. Pre-experi-
ments, data collection, data reduction and analytical absorp-
tion correction® were performed with the program suite
CrysAlisPro.°® Using Olex2,*® the structure was solved with the
SHELXT®! small molecule structure solution program and
refined with the SHELXL2018/3 program package®® by full-
matrix least-squares minimization on F>. PLATON®® was used
to check the result of the X-ray analysis. A solvent mask®” was
used in Olex2 for structure 5 to take into account the residual
electron density attributed to disordered solvent molecules of
ethanol. Although they are not present in the final model, the
formula moiety and the formula sum include the atoms of
those molecules (two solvent molecules per cell) leading to
many alerts in the checkCIF report.

For both structures, all hydrogen atoms were added at the
ideal positions and constrained to ride on their parent atoms.
Crystallographic data are listed in Table 1. Selected bond dis-
tances and angles are summarized in Table 2. More details
concerning both crystal structures and their refinements can
be found in the corresponding CIF files (ESIT).

Theoretical calculations

DFT and TD-DFT calculations were performed using Becke’s
three-parameter B3LYP exchange-correlation functional®®®’
implemented ORCA 4.2.1.”%”" The basis sets used to define
the atoms were LANL2DZ’? for Ru and def2-SVP”? for the other
atoms. The empirical dispersion correction was taken into
account using Grimme’s dispersion with Becke-Johnson
damping, D3BJ.”*”> The solvent (water) effects were con-
sidered within the self-consistent reaction field (SCRF) theory
using the solvation model SMD of Trulhar et al.”® Time depen-
dent DFT (TD-DFT)””"”° calculations of the lowest-lying 50
singlets were performed in the presence of the solvent for all
complexes 1-5 with the minimum-energy geometry optimized
for the ground state (S,).
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Stability studies

Fresh solutions of the synthesized complexes in DMSO were
prepared. The absorbance spectra of 20 pM of the Ru(u) com-
plexes were recorded at ¢ = 0 and ¢ = 24 h with an HP-8453
spectrophotometer (Agilent Technologies) fitted with a photo-
diode array detector and a Peltier thermostatic system at 25 °C.
Similarly, the UV-vis spectra of 25 pM of the Ru(u) complexes
in aqueous buffered solution (2.5 mM of sodium cacodylate,
(CH3),As0,Na, named NaCaC, pH = 7.0) were also recorded as
a function of time during 72 h. In order to mimic physiological
conditions spectra were also recorded in a pseudo-physiologi-
cal buffer (2.5 mM NaCaC, 0.1 M NaCl, pH = 7.0). Finally, the
UV-spectra of 20 pM of the dihalogenated salicylaldehyde
ligands in aqueous buffered solution were also recorded.

For NMR 'H measurements, 5 mg of the compound was dis-
solved in 0.5 ml of DMSO-ds. The NMR "H spectra were regularly
registered in order to test the variations of the spectra. The influ-
ence of the presence of water was studied adding 0.1 ml of D,O
to the samples and then, the evolution of the samples with time
was monitored registering the NMR 'H spectra.

Antibacterial activity

S. aureus CECT 5190 (methicillin resistant, Gram positive bac-
teria), A. baumannii ATCC 17978 (Gram negative bacteria) and
P. aeruginosa PAO1 (Gram negative bacteria) were maintained
at 37 °C in Mueller-Hinton (MH) broth or agar while E. faecium
CECT 5253 (vancomycin resistant, Gram positive bacteria) was
maintained in Tryptic Soy. The broth microdilution plate
method according to CLSI criteria®® was performed as pre-
viously described®' to evaluate the antibacterial activity of the
synthesized complexes. The well-known fluoroquinolone anti-
biotic Norfloxacin was included as positive control for com-
parison purposes. The reported minimum inhibitory concen-
trations (MIC) are the mean values of three independent
experiments with two replicates.

Cell culture

The human lung carcinoma (A549), colon adenocarcinoma
(SW480), ovarian carcinoma (A2780) and embryonic kidney
(Hek293) cell lines were obtained from the European
Collection of Cell Cultures (EACC). A549 and SW480 cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM),
whereas Hek293 cells were cultured in Eagle’s Minimum
Essential Medium (EMEM) supplemented with 1% of non-
essential amino acids and A2780 (ovarian carcinoma) cells
were cultured in RPMI-1640. All media (DMEM, EMEM and
RPMI) were supplemented with 10% fetal bovine serum (FBS)
and 1% amphotericin-penicillin-streptomycin solution. All
reagents were purchased from Sigma Aldrich. The cells were
cultured at 37 °C in a humidified atmosphere containing 5%
CO..

MTT antiproliferative assay

Approximately 3 x 10% A549, 5 x 10> SW480, 1 x 10* A2780 and
Hek293 cells per well were seeded in 200 pL of their culture
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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 concentrations of the complexes under study for
72 h. Afterwards, the medium was removed and 5 mg ml™*
of MTT (3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium
bromide) in culture medium was added. After 4 h of incu-
bation, the formazan crystals were dissolved by overnight incu-
bation with the solubilized solution (10% SDS and 0.01 M
HCI). Finally, the absorbance was read at 590 nm on a micro-
plate reader (Cytation 5 Cell Imaging Multi-Mode Reader-
Biotek Instruments, USA). Four replicates per dose were
included and at least two independent experiments were per-
formed for the calculation of the half-maximal inhibitory con-
centration (ICs,) values by means of the GraphPadPrism
Software Inc. (version 6.01) (USA).

In all the experiments, Cisplatin (CDDP) was included as
positive control for comparison purposes.

Cellular uptake by ICP-MS

A549 cells were seeded in 6-well plates at a density of 1 x 10°
cells per well and incubated at 37 °C with 5% CO,. After 24 h
of incubation, the cells were treated with 2 pM of cisplatin and
the synthesized complexes for 24 h. Then, the medium was
removed and the cells were washed twice with DPBS
(Dulbecco’s Phosphate Buffered Saline) and harvested and cen-
trifuged. The pellets were resuspended in 1 mL of DPBS and
10 pL of the resuspended cells were used to count cells in an
automated cell counter (TC20 - Biorad). Then, the samples
were digested with 65% HNOj; at room temperature for 24 h
for ICP-MS. Finally, the diluted sample solutions (2% HNOj3)
were analyzed using a 8900 Triple Quadrupole ICP-MS (Agilent
Technologies). Data are reported as the mean with the stan-
dard deviation of two independent experiment with two repli-
cates per compound.

Apoptosis studies

Apoptosis was evaluated by flow cytometry with an Annexin V:
FITC Assay Kit (Biorad). According to the manufacturer’s
instructions, 2 x 10> A549 cells were seeded in 2 mL of cell
culture medium in 12 well plates. After 24 h of incubation, the
cells were treated with the half maximal inhibitory concen-
tration of each Ru(u) complex for 24 h. Afterwards, the cells
were washed with cold PBS, harvested, and resuspended in
binding buffer. Then, the cells were doubly stained with the
Annexin V:FITC conjugate and propidium iodide (PI).
Immediately after PI addition, the cells were injected in a
NovoCyte Flow cytometer (ACEA Biosciences, Inc., USA). 10 000
events were counted and analyzed by using the NovoExpress
1.4.0 Software. Two replicates and two independent experi-
ments were performed.

Cell cycle

A549 cells were seeded at a density of 1.5 x 10° cells per well in
6 well plates and incubated for 24 h. Then, the cells were
treated with the half maximal inhibitory concentration of each
Ru(u) complex for 24 h. Cells without any treatment and cells
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treated only with the vehicle (0.5% DMSO) were included as
controls. After 24 h, the media were removed and the cells
were harvested and resuspended in cold PBS for overnight fix-
ation at 4 °C with 70% EtOH. Then, the samples were treated
with the staining solution (0.1 mg mL™" PI, 0.1 mM EDTA and
0.1% Triton- x 100 and 2 mg mL™" of RNAse) and kept in ice
and protected from light for 30 min. Finally, the cells were
injected in a NovoCyte Flow cytometer (ACEA Biosciences, Inc.,
USA) and cell cycle distribution was evaluated by using the
NovoExpress 1.4.0 Software. Two independent experiments
with two replicates were performed.

ROS generation

Intracellular ROS generation was evaluated by fluorescence
measurements on a microplate reader (Cytation 5 Cell Imaging
Multi-Mode Reader -Biotek Instruments, USA). A549 cells
seeded at a density of 3 x 10* cells per well and incubated for
24 h in a clear bottom black side 96 well plate (Costar) were
treated with 25 pM of H,DCFDA (2'-7'-Dichlorofluorescein dia-
cetate) in DMEM without phenol-red and incubated for
30 min. Afterwards, the cells were treated with the vehicle, the
Ru(u) complexes at their ICs, value and 20 uM of TBH (tertbu-
tyl hydroperoxide) as positive control. After 4 h of treatment,
the cells were washed twice with DPBS and emission was
measured at Ay, = 530 nm and A = 490 nm. The collected
results were corrected by the number of cells and the relation-
ship between the treated and not treated cells was analysed.
Two independent experiments with 4 replicates per treatment
were performed.

Mitochondrial membrane potential (MMP) assay by TMRM

Changes in the mitochondrial membrane potential of A549
cells treated with the synthesized complexes were evaluated by
using the probe tetramethyl rhodamine methyl ester (TMRM)
on a microplate reader (Cytation 5 Cell Imaging Multi-Mode
Reader-Biotek Instruments, USA) according to a protocol pre-
viously described.®?
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