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Ru(1I) polypyridyl complexes are attracting particular attention as possible photodynamic therapy (PDT) agents
due to their interesting photophysical properties, which can be easily tunable through the appropriate selection
of attached ligands. However, blue-wavelength absorption of the complexes limited their potential application.
Cytotoxicity In this study, three tris-heteroleptic Ru(II) polypyridyl complexes were synthesized to shift the absorption of the
Photocytotoxicity compounds toward longer wavelengths. Their photophysical, biological, and photodynamic properties were
ROS evaluated. The mechanism of the photoinduced toxicity was investigated by fluorescence and electron para-
magnetic resonance (EPR) techniques in vitro and in aqueous solutions. The results revealed the photodynamic
activity of the studied compounds is based mainly on the photogeneration of 105 and H,0,. Additionally, the
synthesized Ru complexes demonstrated high activity in inhibiting the detachment of cancer cells. This effect was
additionally enhanced by light activation of Ru compounds. The presented findings demonstrate a rational
strategy for the efficient synthesis of tris-heteroleptic Ru(II) polypyridyl complexes to be used as promising
photodynamic agents for cancer and antimetastatic treatments.

1. Introduction PSs to dioxygen molecule. Therefore, compounds with long-lived triplet

excited states are desirable for PDT.

Photodynamic therapy (PDT) has emerged as a promising alternative
cancer treatment or complement to chemotherapy, radiotherapy, or
surgery. The success of PDT is attributed to its excellent spatial and
temporal selectivity, negligible side effects, and non-invasiveness [1].
PDT is based on the excitation of generally nontoxic photosensitizers
(PS) in the dark with visible or near-infrared light to alter the viability of
cancer cells by, among others, generating high levels of reactive oxygen
species (ROS) [2]. The production of ROS occurs because of energy or
electron or hydrogen atom transfer from the triplet excited state of the

Ruthenium(II) polypyridyl complexes are drawing particular atten-
tion because of their rich photophysical and outstanding biological
properties. In addition to PDT, Ru complexes are used in photo-
chemotherapy [3-7], imaging [8-11], or solar energy conversion
[12,13], among others. The most successful Ru(II) compound TLD-1433
has recently entered phase II clinical trials as a photosensitizer for PDT
against bladder cancer [14,15]. Ruthenium(II) polypyridyl complexes
possess a long list of advantages, which makes them a promising alter-
native for currently used therapeutics. Researchers often mention
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intense luminescence, large Stokes shift, high water solubility, and good
photostability of Ru(Il) polypyridyl complexes [16]. However, the
longest-wavelength absorption band (usually a metal-to-ligand-charge-
transfer MLCT transition) of most Ru(II) complexes is located in the
blue region of the visible spectrum (<500 nm), which limits their pho-
totherapeutic applications [17,18]. Therefore, exploring new Ru(II)
compounds with absorption spectra closer to the "therapeutic window’
of 600-850 nm is highly desirable for PDT. To take advantage of the
structure of Ru compounds and explore each ligand in their structure,
tris-heteroleptic Ru(II) compounds need to be synthesized. The selection
of the solvent to introduce the first ligand into this heteroleptic structure
is crucial in synthesis [19]. Carrying out the reaction in protic solvents
or solvents with high boiling points results in obtaining a mixture of
homoleptic compounds [19]. The introduction of the second ligand is
also demanding; classical synthesis often leads to low yields and very
long reactions; therefore, studies on tris-heteroleptic Ru(II) complexes
are relatively rare. To improve this process, we propose the use of mi-
crowave synthesis at this stage. The appropriate choice of the ligands
determines not only the photophysical and physicochemical properties
of the Ru(II) complexes (lipophilicity, stability, reactivity of the excited
states) but also completely controls the biological properties of the
compounds, such as cellular uptake and localization, accumulation
route or cytotoxicity [20].

Currently, one of the main drawbacks of PDT is the dependence of its
efficiency on the oxygen level in the treated tissues [21]. Since most of
the explored PDT systems operate through the energy transfer process
(type II sensitization mechanism) and rely on singlet oxygen generation,
the use of such systems in hypoxic tumors is inherently limited. There-
fore, the focus of newly developed compounds is shifting towards the
development of photosensitizers, the photosensitization activity of
which will be based on both energy and electron/hydrogen atom
transfer processes [22,23].

This work focuses on the synthesis of three new tris-heteroleptic Ru
(ID) polypyridyl complexes. The 4,7-diphenyl-1,10-phenanthroline (dip)
and 2,2-bipyridine (bpy) ligands are chosen to ensure the appropriate
biological properties of the complexes, while 2,3-bis(2-pyridyl)quinoxa-
line (dpq) and its derivatives were applied to shift the MLCT transition of
the compounds towards longer wavelengths. The modification of the
synthetic protocol with the use of microwave irradiation allowed us to
reduce the reaction times and achieve high yields of the desired com-
plexes. The complexes were synthesized as a mixture of isomers and
separated with the use of preparative chromatography. The Ru(Il)
complexes were characterized with the use of DFT calculations. Bio-
logical evaluation was performed only for the prevalent isomer of each
synthesized Ru complex. Stereoisomers of Ru(Il) polypyridyl complexes
may interact differently with chiral biomacromolecules such as DNA or
proteins. However, several studies have shown that most often only
modest differences (if any) in biological activities between stereoiso-
mers can be observed [20]. The potential of the compounds as cyto- and
photocytotoxic agents was evaluated against the highly aggressive
breast cancer cell line MDA-MB-231. Based on our previous work [24],
we speculate that even a subtle modification of the structure in one of
the ligands may lead to a different excited state behavior and photobi-
ological activity of a compound. Our goal was to determine the most
photoactive complex in vitro and investigate the basis of its photody-
namic activity. Furthermore, the influence of irradiation on the anti-
metastatic activity of Ru(II) polypyridyl complexes was explored.

The presented studies showed that while the synthesized Ru(II)
complexes differed in cytotoxic activity, irradiation with visible light
greatly enhanced their antiproliferative properties. The phototoxicity of
the compounds was caused by the generation of 10, and H,0,, which
proved that the complexes can generate ROS via type I and II sensiti-
zation mechanisms. An additional benefit came from the enhanced
antimetastatic activity of the Ru complexes upon visible light irradia-
tion. This could provide the basis for exploring a potential combination
of PDT and antimetastatic therapy using Ru(II) polypyridyl complexes.
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2. Material and methods
2.1. Synthesis of complexes

2.1.1. Chemicals and instrumentation

All solvents were analytical grade and were used without further
purification. The reagents were purchased from Sigma-Aldrich. 2,2/
bipyridine (bpy), 4,7-diphenyl-1,10-phenanthroline (dip) and 6,7-
dimethyl-2,3-bis(2-pyridyl)quinoxaline (Meodpq) were purchased
from Sigma-Aldrich, while two other ligands 2,3-bis(2-pyridyl)quinoxa-
line (dpq) and 2,3-bis(2-pyridyl)benzo[g]lquinoxaline (dpb) were syn-
thesized according to published procedures [25,26]. Chemical syntheses
were performed using a professional microwave reactor (Anton Paar).

The purity was confirmed by a high-pressure liquid chromatography
(HPLC) system (HPLC-DAD Shimadzu LC-2030C). Gradient elution was
performed on a column C8-RP (Waters; Symmetry C8 5 pym) at 25 °C,
using a mixture of ammonium acetate (0.1 M) and acetonitrile (50-95
%, 20 min) as a mobile phase at a flow rate of 1 ml/min.

HRMS spectra were recorded on a microTOF-Q II mass spectrometer
(Bruker, Germany).

'H NMR spectra were recorded at 294 K on a Bruker Avance IIT 600
MHz spectrometer at 600.3 MHz. The 'H chemical shifts were calibrated
based on the residual 'H solvent peaks, i.e., § = 3.31 ppm for CD30D.

2.1.2. Synthesis of cis-[RuCly(DMSO)4]

Synthesis was performed according to a procedure in the literature
[27]. Ruthenium(III) chloride hydrate (1 g) was mixed with DMSO (6
ml) and heated to reflux (180 °C) for about one minute. After that, the
volume of the solution was reduced to approximately half of the orig-
inal. To the resulting liquid, 40 ml of acetone was added yielding a
yellow precipitate (748 mg, 32 %). The elemental analysis of the com-
pound agrees well with the calculated values. Anal. calculated: C 19.81,
H, 4.95, S 26.41; found: C, 19.90, H 5.04, S 27.11.

2.1.3. Synthesis of [RuClx(dip)(DMSO)2]

Cis-[RuCl(DMSO)4] (286 mg, 0.59 mmol) and 2,7-diphenyl-1,10-
phenanthroline (dip) (189 mg, 0.57 mmol) were dissolved in toluene
(4 ml). The mixture was heated to reflux under argon for 4 h. The re-
action mixture was left overnight at —20 °C. The precipitate was filtered
and purified by column chromatography using a silica gel column and
acetonitrile as an elution reagent. The solvent was removed later under
reduced pressure. The pure product was recrystallized from a mixture of
methanol and diethyl ether. Yield: 48 %. Purity was confirmed by HPLC
(Fig. S1). [HRMS] (found/calculated) for: [RuCl(dip)(DMSO)]™ m/z =
547.0162/547.0184; [Ru(dip)(DMSO)2(OH)I"™ m/z = 606.9738/
607.0663; [RuCl(dip)(DMS0),]1" m/z = 625.0295/625.0324.

2.1.4. Synthesis of [Ru(bpy)Cla(dip)]

[RuCly(dip)(DMSO)5] (100 mg, 0.15 mmol) and 2,2-bipyridine (bpy)
(22.8 mg, 0.15 mmol) were dissolved in DMF (2 ml). The mixture was
heated in a microwave reactor up to 250 °C and immediately cooled. The
pure product was obtained after recrystallization from cold acetone,
resulting in a 71 % yield (71.15 mg). Purity was confirmed by HPLC
(Fig. S1). [HRMS] (found/calculated) for [Ru(bpy)Cly(dip)]*: m/z =
660.0428/660.5572 (Fig. S2).

2.1.5. Synthesis of [Ru(bpy)(dip)(dpq)]Cls, [Ru(bpy)(dip)(Me2dpq)]Cl,
and [Ru(bpy)(dpb)(dpb)]Cl,

[Ru(bpy)Cla(dip)] (20 mg, 0.030 mmol) and 2,3-bis(2-pyridyl)qui-
noxaline (dpq) (10 mg, 0.036 mmol), 6,7-dimethyl-2,3-bis(2-pyridyl)
quinoxaline (Meadpq) (11.4 mg, 0.036 mmol) or 2,3-bis(2-pyridyl)
benzo[g]quinoxaline (dpb) (11.7 mg, 0.036 mmol) were dissolved in
ethanol (8 ml). The mixtures were refluxed for 4 h under argon. The
solvent was then removed under reduced pressure and the resulting
solids were dissolved in water (10 ml) and filtrated. The filtrates were
dried and dissolved in dichloromethane (1 ml) with a few drops of
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methanol. The pure products were precipitated with diethyl ether.
[HRMS] (found/calculated): for [Ru(bpy)(dip)(dpq)]2+ (Cs2H36NgRU):
m/z = 437.1011/436.9829 (22.6 mg, 79 %); for [Ru(bpy)(dip)
(Mezdpq)]2+ (Cs4H40NgRu): m/z = 451.1173/451.0095 (17.4 mg, 60
%); for [Ru(bpy)(dip)(dpb)]2+ (CsegHsgNgRu): m/z = 462.1066/
462.0123 (23.63 mg, 71 %) (Figs. S3-S5). Despite a clear peak in HRMS
analysis, for each Ru(Il) complex, the HPLC separation revealed a
mixture of isomers designated as fraction A (with a shorter retention
time) and fraction B (with a longer retention time) (Fig. 2).

To separate these isomers, preparative thin-layer chromatography
(PTLC) was used. Elution was carried out on TLC plates covered with a
C18-RP deposit (Macherey-Nagel; Alugram RP-18 W-TLC) using
acetonitrile and 0.25 M KNOs (3:1) as the mobile phase. After elution,
the deposits were scrubbed and complexes were rinsed out with the
same eluent and desalted by dissolving and filtering in acetone several
times. The solvent was removed under reduced pressure. The resulting
solids were dissolved in dichloromethane (1 ml) with a few drops of
methanol and precipitated using diethyl ether. HPLC analysis confirmed
that the obtained fractions were pure (Fig. 2).

To confirm that the compounds obtained are geometric isomers, 'H
NMR spectra were recorded for all compounds.

[Ru(bpy)(dip)(Me2dpq)]*".

Fraction A: 'H NMR (600 MHz, MeOD) 6 8.75 (d, J = 5.5 Hz, 1H, H-2
or H-9), 8.69 (d, J = 4.3 Hz, 1H, H-8), 8.59 (d, J = 8.0 Hz, 1H, H-3' or H-
3"),8.52 (d, J = 8.0 Hz, 1H, H-3' or H-3"), 8.39 (q, J = 9.5 Hz, 2H, H-o’,
H-§°), 8.35-8.32 (m, 2H, H-5, H-6), 8.26 (d, J = 5.5 Hz, 1H, H-2 or H-9),
8.21 (td, J = 1.6, 7.7 Hz, 1H, H-a), 8.12-8.07 (m, 2H, H-4', H-4"), 8.05
(d, J = 14.7 Hz, 1H, H-6' or H-6"), 7.99 (s, 1H, H-8""), 7.79 (dd, J = 8.6,
2.3 Hz, 2H, H-3, H-8), 7.74-7.61 (m, 14H), 7.49 (td, J = 6.1, 1.0 Hz, 1H,
H-5, H-5"), 7.47 (s, 1H, H-5""), 7.40 (d, J = 8.3 Hz, 1H), 7.20 (td, J =
6.7, 1.2 Hz, 1H), 2.46 (s, 3H, C-7""-CH3), 2.08 (s, 3H, C-6""-CH3).

Fraction B: 'H NMR (600 MHz, MeOD) 6 8.95 (d, J = 8.2 Hz, 1H, H-3'
or H-3"), 8.89 (d, J= 8.1 Hz, 1H, H-5), 8.72 (d, J = 4.6 Hz, 1H, H-3’ or H-
3"), 8.68 (d, J = 5.5 Hz, 1H, H-2 or H-9), 8.64 (d, J = 5.5 Hz, 1H, H-2 or
H-9), 8.48 (d, J = 5.5 Hz, 1H), 8.33-8.28 (m, 2H, H-4' and H-4"), 8.19
(qd, J = 4.9, 1.4 Hz, 2H, H-y and H-y"), 8.13 (q, J = 3.8 Hz, 2H, H-5 and
H-6),7.97 (d, J = 5.5Hz, 1H, H-3 or H-8), 7.90 (d, J = 5.5 Hz, 2H, H-3 or
H-8), 7.87 (s, 1H, H-8""), 7.80 (td, J = 4.4, 1.6 Hz, 1H), 7.76 (d, J = 5.3
Hz, 1H), 7.66-7.60 (m, 6H, H-y, H-y’, H-o’, H-3', H-3"), 7.56-7.52 (m,
6H), 7.44 (d, J = 8.3 Hz, 1H), 7.41-7.37 (m, 3H, H-5""), 2.36 (s, 3H, C-
7"°-CHa), 2.00 (s, 3H, C-6""-CH3).

[Ru(bpy)(dip)(dpq)]*".

Fraction A: 'H NMR (600 MHz, MeOD) 5 8.78 (d, J = 5.5 Hz, 1H, H-
8), 8.71 (d, J = 4.2 Hz, 1H), 8.53 (d, J = 8.0 Hz, 1H, H-3' or H-3"), 8.49
(d, J = 8.0 Hz, 1H, H-3' or H-3"), 8.41-8.36 (m, 4H, H-a, H-o’),
8.27-8.21 (m, 3H, H-p, H-p’), 8.08 (tt, J = 8.0, 1.4 Hz, 2H, H-4’ and H-
4"),7.99 (d,J = 5.2 Hz, 1H, H-6' or H-6"), 7.91-7.88 (m, 1H), 7.80-7.78
(m, 2H, H-y and H-y’), 7.76-7.61 (m, 16H), 7.53-7.50 (m, 1H),
7.47-7.44 (m, 2H, H-5', H-5"), 7.25-7.22 (m, 1H).

Fraction B: '"H NMR (600 MHz, MeOD) 6 8.97 (d, J = 8.2 Hz, 1H, H-
), 8.90 (d, J = 8.0 Hz, 1H, H-3' or H-3"), 8.75 (d, J = 4.3 Hz, 1H, H-6’ or
H-6"), 8.73 (d, J = 5.6 Hz, 1H, H-2 or H-9), 8.59 (d, J = 5.5 Hz, 1H, H-2
or H-9), 8.53 (d, J = 5.0 Hz, 1H, H-a), 8.39 (d, J = 7.8 Hz, 1H, H-3' or H-
3"), 8.31 (td, J = 7.8, 1.4 Hz, 1H, H-y), 8.23-8.18 (m, 2H, H-4/, H-4"),
8.13 (dd, J = 8.4, 1.0 Hz, 1H), 8.10 (d, J = 3.8 Hz, 2H, H-5, H-6),
7.93-7.91 (m, 3H, H-3, H-8), 7.85-7.82 (m, 1H), 7.80-7.72 (m, 4H),
7.68-7.66 (m, 2H, H-5', H-5"), 7.62-7.59 (m, 6H), 7.56-7.53 (m, 7H),
7.51 (d, J = 8.3 Hz, 1H), 7.45-7.41 (m, 2H), 7.38-7.36 (m, 1H).

[Ru(bpy)(dip)(dpb)1*".

Fraction A: 'H NMR (600 MHz, MeOD) § 8.86 (s, 1H, H-10""), 8.80
(d, J=5.5Hz, 1H, H-3' or H-3"), 8.72 (d, J = 4.6 Hz, 1H, H-3' or H-3"),
8.50 (d, J = 8.1 Hz, 1H), 8.44 (t, J = 6.9 Hz, 2H, H-5', H-5"), 8.41 (q,J =
8.4 Hz, 2H, H-5, H-6), 8.36 (d, J = 5.5 Hz, 1H, H-5), 8.33 (s, 1H, H-5"),
8.31 (d, J = 5.5 Hz, 1H, H-2 or H-9), 8.27-8.22 (m, 3H, H-2 or H-9, H-6',
H-6"), 8.19 (d, J = 8.6 Hz, 1H), 8.11 (t, J = 7.9 Hz, 1H), 8.06 (t, J = 7.9
Hz, 1H, H-4' or H-4"), 7.83 (d, J = 5.5 Hz, 1H, H-3 or H-8), 7.80 (d, J =

Polyhedron 225 (2022) 116049

5.5 Hz, 1H, H-3 or H-8), 7.78-7.70 (m, 8H), 7.69-7.60 (m, 11H), 7.56 (t,
J = 7.6 Hz, 2H), 7.52-7.50 (m, 2H, H-6"", H-9""), 7.27 (t, J = 6.6 Hz,
1H).

Fraction B: 'H NMR (600 MHz, MeOD) 6 9.00 (d, J = 8.3 Hz, 1H, H-
8), 8.95 (d, J = 8.2 Hz, 1H, H-3' or H-3"), 8.81 (d, J = 5.5 Hz, 1H, H-2 or
H-9), 8.75-8.74 (m, 2H, H-6' or H-6", H-10""), 8.69 (d, J = 5.5 Hz, 1H,
H-2 or H-9), 8.54 (d, J = 5.0 Hz, 1H, H-a), 8.42 (d, J = 7.7 Hz, 1H, H-3
or H-3”), 8.31 (td, J = 8.0, 1.4 Hz, 1H, H-y), 8.25 (s, 1H, H-5"),
8.24-8.22 (m, 2H, H-4/, H-4"), 8.10 (d, J = 8.6 Hz, 1H, H-6"" or H-9""),
8.08 (d, J = 5.5 Hz, 1H, H-3 or H-8), 8.03-7.99 (m,3H), 7.93 (d, J = 5.5
Hz, 1H, H-3 or H-8), 7.87-7.84 (m, 1H), 7.83 (d, J = 5.0 Hz, 1H),
7.68-7.66 (m, 2H), 7.61-7.59 (m, 5H), 7.55-7.46 (m, 15H), 7.43-7.41
(m, 1H).

2.2. Spectroscopic and physicochemical characterization

The absorption coefficients for the aqueous solutions of the synthe-
sized Ru(II) complexes were measured using a PerkinElmer Lambda 35
spectrophotometer. Stock solutions of the compounds were prepared in
DMSO and then dissolved in water. The amount of DMSO in the final
solutions did not exceed 5 %. The experiment was repeated three times
for each complex. The results are presented as mean values and the
standard error of the mean.

The logP values of the studied Ru complexes were determined using
the HPLC method, according to a procedure from the literature [28]
with some modifications. The isocratic elution of the complexes was
performed on an RP-C8 column (Waters) at 25 °C, using a mixture of 0.1
ammonium acetate (water phase) and acetonitrile (organic phase) as a
mobile phase. The retention time of the complexes was determined at
four different concentrations of organic phase (30-85 %). The retention
factor corresponding to the water-only phase (logk,) was determined
from the Snyder-Soczewinski equation: logk = logk,, -S¢ (S — slope; ¢ -
organic phase content). Ruthenium complexes with known logP values
were used as standards [18] ([Ru(dip)3]Cly, [Ru(dip)2(bpy)]1Cls, [Ru
(dip)2(Megbpy)1Cly and [Ru(bpy)slCly). LogP of the studied Ru(Il)
complexes was calculated from the obtained calibration curve.

2.3. Computational characterization

Each of the studied complexes can exist in four different isomeric
forms resulting from the possibility of the 2,3-bis(2-pyridyl)quinoxaline
and its derivatives to coordinate the metal ion with nitrogen atoms from
quinoxaline and/or pyridine fragments. If both quinoxaline and pyridine
bind Ru, the five-member ring is formed, whereas two pyridine moieties
bind Ru, the seven-member ring is made. Each of these two structural
isomers can exist in two conformers, differing by the orientation of the
2,3-bis(2-pyridyl)quinoxaline fragment relative to other ligands. The
performed calculations took as starting points all possible structures of
complexes.

The ground-state geometries and electronic structures of the Ru(I)
complexes were obtained within density functional theory (DFT) using
the B3LYP functional and the 6-31G(d, p) basis set for C, N, O, S, H and
the LANL2DZ basis set and the effective core potentials for Ru. Elec-
tronic excitation spectra were computed within time-dependent density
functional theory (TD-DFT) with the same exchange—correlation func-
tional and basis sets. All calculations were done using a polarizable
continuum model (PCM), using the integral equation formalism variant
(IEFPCM), with ethanol as the solvent. The calculations were obtained in
Gaussian 09 program suite [29].

2.4. ROS production in cell-free systems

2.4.1. Fluorescent probes

Fluorescent probes were used to detect ROS production in aqueous
solutions in cell-free systems. Fluorescent measurements were made at
room temperature using a PerkinElmer LS55 spectrofluorimeter
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according to a procedure described elsewhere [26].

Generally, a solution of fluorescent probe and Ru complex (1 uM) in
Tris/HCI buffer (0.05 M, pH 7.4) was irradiated with a spectrofluorim-
eter xenon lamp at the maximum of the metal-to-ligand charge transfer
(MLCT) band (Ru-dpq — 530 nm, Ru-Mesdpq — 522 nm, Ru-dpb — 570
nm). The used light dosage was determined using a Nova II (Ophir) light
dosimeter and is indicated in each experiment. After irradiation, the
fluorescent spectrum of the probe was measured. Blank measurements
without Ru complexes were performed to control the stability of the
probe itself during irradiation. Appropriate corrections were made to
consider the observed degradation of the probes. The studied Ru com-
plexes were not luminescent, so no correction for their behavior was
necessary. Each experiment was repeated at least three times.

The production of singlet oxygen was measured using the Singlet
Oxygen Sensor Green probe (SOSG, Thermofisher Scientific, 2.5 pM).
The probe was excited at 504 nm and its spectrum was recorded from
504 to 650 nm. Rose bengal was used as a standard for the determination
of the quantum yield of 102 [30,31].

The formation of the superoxide anion radical was evaluated using
dihydroethidium (HE, AAT Biotechnology). This probe becomes highly
fluorescent after reaction with O3 and intercalation with DNA. The
fluorescence emission spectrum was recorded in the presence of DNA
(250 pM) in the range of 550 to 750 nm when excited at 520 nm.

The production of hydroxyl radicals was measured using amino-
phenyl fluorescein (APF, Enzo, 2.5 uM). This probe was excited at 490
nm, and the spectrum was recorded in the range 500 — 650 nm.

2',7'-dichlorodihydrofluorescein diacetate (HyDCF-DA, Sigma-
Aldrich) was used to measure Hy02 production. HyDCF-DA is a
cellular probe that produces a fluorescent product after reaction with
numerous ROS. However, it is particularly sensitive to HyOs, so it can be
used to evaluate the HyO; level. HoDCF-DA was initially deacetylated
with 0.01 M NaOH to produce 2’,7’-dichlorodihydrofluorescein (HyDCF)
suitable for use in cell-free systems. This probe was excited at 485 nm
and the spectrum was registered in the range 505 — 620 nm-H305 so-
lutions were used as a reference to convert the measured increase in the
fluorescent intensity of DCF into the hydrogen peroxide concentration.

2.4.2. Electron paramagnetic resonance (EPR) spectroscopy

EPR spectroscopy was used to confirm ROS photoproduction by the
synthesized Ru(II) complexes in cell-free systems. EPR spectra were
recorded at room temperature using an Elexsys E580 CW-EPR spec-
trometer (Bruker). 100 kHz field modulation along with the 0.2 mT
signal modulation amplitude was applied. Parameters for EPR experi-
ment: X band, T = 295 K, microwave power = 0,1 mW, modulation
amplitude = 0,1 mT, time constant = 41 ms.

The production of *OH and O3 was verified using a spin trap of 5-
dimethyl-1-pyrroline N- oxide (DMPO) [32]. Furthermore, DMPO was
used to confirm the generation of HyO; in the presence of Fe?" in the
Fenton reaction [33].

Briefly, ruthenium complexes (0.05 uM) were irradiated in the
presence of DMPO (35 mM, dissolved in an aqueous solution, pH 4)
using a spectrofluorimeter xenon lamp at the maximum of their MLCT
band (0.33 mJ/cm?). After irradiation, EPR spectra were measured to
confirm the generation of *OH or O3".

In separate experiments, Ru(II) complexes (0.5 puM) in Tris/HCl
buffer (0.05 M, pH 7.4) were irradiated with a spectrofluorimeter xenon
lamp to the maximum of their MLCT band (0.13 mJ/crnz). After irra-
diation, the solutions were mixed with DMPO in a 1:1 proportion and
FeSO4 (125 pM) was added. The samples of the resulting solution were
sealed in EPR tubes and the spectra were acquired.

Singlet oxygen production was verified using a selective chemical
probe 2,2/,6,6'-tetramethylpiperidine (TEMP). This spin trap after
oxidation produced a stable radical 2,2',6,6'-tetramethylpiperidine-1-
oxyl (TEMPO) [34]. The studied Ru(II) complexes (0.05 uM) were added
to the TEMP substrate (100 mM, dissolved in Tris/HCl, pH 7.4) and
irradiated as previously described (0.33 mJ/cm?). After that, the
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samples were placed in EPR tubes, and EPR measurements were
performed.

Spin traps were independently irradiated under identical conditions
to avoid false positive results due to trap decomposition after
irradiation.

2.5. Cell culture

In vitro studies were conducted using triple negative breast cancer
cells MDA-MB-231. Cells were cultured in L-15 medium supplemented
with 2 mM glutamine, 15 % fetal bovine serum (FBS) (v/v), and 1 %
penicillin-streptomycin solution (100 units/ml-100 ug/ml) (v/v) at
37 °C in a humidified atmosphere and passed 2-3 times a week ac-
cording to standard aseptic procedures.

2.6. Cytotoxicity and photocytotoxicity

Cell viability upon treatment with Ru(II) complexes was determined
using the resazurin assay. Cells were seeded in 96-well plates with a
density of 3 x 10* cells per cm? in complete medium and cultured for 24
h. Then, the medium was removed, and various concentrations of Ru(II)
complexes in the basic medium were added to the wells. Stock solutions
of the Ru(II) complexes were prepared in DMSO. The final concentration
of DMSO was fixed (0.1 % (v/v)). After 24 h of incubation, cells were
washed with PBS and sodium salt of resazurin (50 pM) dissolved in
Dulbecco’s phosphate buffered saline with Ca>" and Mg?* (DPBS) was
added and incubated for 3 h. The amount of fluorescent resorufin was
quantified at 605 nm (560 nm excitation light) using a Tecan Infinite
200 microplate reader. The experiments were carried out in triplicate
and repeated three times. The results are presented as mean values and
the standard error of the mean. The Icggrk parameters were determined
using the Hill equation (OriginPro 2020).

(Ym() - )’0) [C]H

Y=Y+
[ICso)"+[c]"

The cytotoxicity of the free ligands (dpq, dpb, Meadpq) as well as Ru
complexes’ precursor ([Ru(bpy)Cla(dip)] was evaluated using the same
protocol. The concentration range was chosen due to the compounds
solubility.

For photocytotoxic studies, MDA-MB-231 cells after incubation with
Ru(II) complexes were washed with DPBS and irradiated with mono-
chromatic blue 465 nm light for 10 min (8.6 J/cm?). After the irradia-
tion, cells were kept in the complete fresh medium for 24 h. The viability

assay was then performed and the 1C485 values were calculated.

2.7. Ruthenium accumulation in vitro

MDA-MB-231 cells were seeded in 6-well plates with a density of 4 x
10* cells per em? in a complete medium and cultured for 24 h. Subse-
quently, cells were incubated with 1 uM solution of the complexes in the
basic medium for 1, 4, or 24 h. The incubated cells were then washed,
detached by trypsin treatment, counted, and centrifuged. Cells were
digested in concentrated nitric acid overnight at room temperature. The
solutions were then diluted with Millipore water to a final nitric acid
concentration of 1 %. Samples were analyzed using inductively coupled
plasma mass spectrometry (ICP-MS, NexION 2000, Perkin-Elmer). The
results were calculated as the Ru concentration per cell (the cell volume
was used as 1700 fl). The experiments were repeated three times.

2.8. ROS production in vitro

MDA-MB-231 cells were seeded in 96-well plates with a density of 3
x 10% cells per em? in complete medium and cultured for 24 h. The
medium was removed, and various concentrations of the studied com-
plexes were added for 24 h of incubation. After treatment, cells were
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washed with DPBS and fluorescent probes were added to the cell culture
(HoDCF-DA (20 uM), SOSG (5 uM), APF (5 pM), and HE (10 uM)) for 30
min of incubation. The probes were then removed, and the cells were
washed with DPBS. The fluorescent intensity of the cells was quantified
using a Tecan Infinite 200 plate reader using the following excitation/
emission wavelengths: 485/535 nm for HoDCF-DA, APF, and SOSG and
520/605 nm for HE.

For photo-induced ROS generation cells, after incubation with Ru(II)
complexes, MDA-MB-231 cells were washed with DPBS and irradiated
with monochromatic blue 465 nm light (8.6 J/cm?). After that, fluo-
rescent ROS probes were added, and the procedure applied was identical
to that carried out in the dark. The experiments were carried out in
triplicate and repeated three times to obtain mean values and standard
deviation of the mean.

2.9. Trypsin and photo-trypsin resistance assay

MDA-MB-231 cells were seeded in 96-well plates with a density of 3
x 10* cells per cm? in complete medium and cultured for 24 h. The
complete medium was then removed and various concentrations of the
complexes studied were added to the wells for 24 h of incubation.
Subsequently, the cells were washed and 30 pl of trypsin solution (0.01
%) was added to each well and incubated for 5 min at 37 °C. The cells
were then washed with PBS and a resazurin assay was performed to
quantify adherent cells.

For determinations of phototrypsin resistance, cells, after incubation
with Ru(Il) complexes were washed with DPBS and irradiated with
monochromatic blue 465 nm light (8.6 J/cm?). After irradiation, cells
were kept in complete fresh medium for 24 h. Subsequently, the pro-
cedure was the same as for the experiment without irradiation.

The results obtained were normalized to the corresponding wells
without trypsin treatment to exclude the possible toxicity of the studied

cis-[RuCl,(dmso),]
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compounds. Results are presented as a percentage of untreated cells. The
experiments were carried out in triplicate and each experiment was
repeated five times to obtain mean values and standard error of the
mean.

3. Results and discussion
3.1. Synthesis and characterization

Fig. 1 shows the pathway for the synthesis of the investigated tris-
heteroleptic Ru(II) complexes. As suggested in the literature [19],
[RuCly(DMSO0)4] was used as the starting substrate for the synthesis of
tris-heteroleptic Ru(Il) complexes. [RuCly(dip)(DMSO);] was synthe-
sized with the use of low reactive, nonpolar toluene as a solvent and high
sufficient substrate concentration of substrates (~120 mg/ml). Such
conditions provided a high yield (48 %) of the desired product. The
introduction of a second ligand is more effective in a solvent with a high
boiling point [19]. The use of microwave-assisted synthesis for this type
of complexes has an additional beneficial effect, as it allows the amount
of solvent to be reduced and the reaction time to be decreased [35].
Therefore, the second step of synthesis (2,2-bipyridine (bpy) introduc-
tion) was performed using DMF as a solvent. The reaction was carried
out at 250 °C and with the help of microwave irradiation it took around
3 min. Such conditions, together with an appropriate concentration of
substrates (~60 mg/ml), resulted in a yield of 71 % and a lack of side
products. The last step, the introduction of 6,7-dimethyl-2,3-bis(2-pyr-
idyl)quinoxaline (Meadpq), 2,3-bis(2-pyridyl)quinoxaline (dpq) or
2,3-bis(2-pyridyl)benzo[g]quinoxaline (dpb), was performed according
to procedures described previously [36]. Low substrate concentrations
are crucial during this step to avoid the possible polymerization of Ru
complexes. The identity and purity of each step were confirmed by HPLC
(Figs. 2 and S1) and HRMS (Figs. S2-S5) analysis.

ethanol, reflux, 4h, Ar

Fig. 1. Synthetic route for [Ru(bpy)(dip)L]“.
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Fig. 2. Chromatograms and UV-vis spectra for each peak of Ru-dpq (A), Ru-Me.dpq (B), and Ru-dpb (C).

HPLC analysis of the synthesized Ru(II) complexes revealed the
presence of two peaks on the chromatograms with slightly different
retention times but very similar absorption spectra (Fig. 2). The presence
of an unsymmetrical ligand (dpq, dpb, or Mexdpq) provides two
possible coordination geometries to the Ru core: five- or seven-
membered chelates. Additionally, as has been shown before [37],
three different bidentate ligands in the octahedral structure of Ru
complexes can result in different geometric isomers. Therefore, several
possible structures of the synthesized complexes need to be considered.
Despite our efforts, the growth of suitable crystals of the synthesized Ru
complexes was unsuccessful, and thus no single-crystal XRD-based
structure of the complexes could be obtained. We focus on quantum
chemical calculations within the DFT approach, as well as 'H NMR
spectra analysis for the structural determination of the newly synthe-
sized compounds.

The preparative thin-layer chromatography (PTLC) was used to
separate the observed isomers of Ru(II) complexes. The two fractions
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obtained were subjected to HPLC analysis and compared with the
chromatograms of the mixtures before PTLC separation (Fig. 2). HPLC
analysis confirmed that PTLC allowed for the effective separation of
isomers. For each of the synthesized complexes, the ratio between iso-
mer A and isomer B was ca. 7:3 (Table S1).

The structures of Ru-Meydpq isomers A and B were analyzed by 'H
NMR spectroscopy. 'H NMR spectra of both Ru isomers have shown, that
after coordination of Meadpq ligand to the metallic center, the sym-
metry of ligand is disturbed. As a result, on the spectra of the complexes,
two singlets from protons in CHs groups (for Ru-MeadpgA at 2.46 and
2.08 ppm and Ru-MeodpqB at 2.36 and 2.00 ppm) were observed
(Fig. S6, and 3). Moreover, protons in positions 5”” and 8" of the qui-
noxaline ring were correlated with two singlet signals on ‘H NMR
spectra (7.99 and 7.47 ppm for isomer A and 7.87 and 7.39 (superim-
pose with multiplet) for isomer B). Those observations allowed us to
conclude that in both complexes the coordination occurs with the for-
mation of a 5-membered “ring” and not via the formation of a 7-

Ru-Me2dpq-B
a b
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Fig. 3. Comparison of '"H NMR spectra of Ru-Me,dpq isomers (blue (bottom) - Ru-Me,dpqA, red (top) - Ru-Me,dpqB) with assigned signals for key protons.

((Colour online.))
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membered “ring”. The 'H NMR spectra of Ru-dpq and Ru-dpb (isomers
A and B) gave the similar conclusions (Fig. S7 and S8).

Comparison of 'H NMR spectra for Ru-Me,dpq-A and Ru-Me,dpg-B
were presented in Fig. 3. Both spectra exhibit significant differences in
chemical shifts of several protons. In isomer A, pyridine of the 6,7-
dimethyl-2,3-bis(2-pyridyl)quinoxaline ligand points towards dip
ligand. This cause that signals from dip ligand protons (especially proton
2 and 9) are much further apart and have their signals at 8.26 ppm and
8.75 ppm whereas in isomer B, where pyridine points towards bpy
ligand, those signals are close together — at 8.64 ppm and 8.68 ppm. On
the contrary, for protons of bpy ligand (3’ and 3”) distance between
those signals is small 8.52 ppm and 8.59 ppm for isomer A, and much
higher for isomer B — 8.72 ppm and 8.95 ppm.

The geometry structures of the studied complexes were proposed by
DFT calculations. The complexes with five-membered “ring” are formed
when both quinoxaline and pyridine bind Ru, while the complexes with
seven-membered “ring” are formed when two pyridine moieties bind Ru.
Each of these two structural isomers can exist in two conformers. The
geometry structures of all isomers were optimized (see Fig. S9 for Ru-
dpq isomers), and the energy differences between all isomers are listed
in Table S2 in the Supplementary Information file supplemented by the
bond lengths of the key bonds. The computed free Gibbs energies indi-
cate that Ru(II) complexes with the five-membered “ring” geometries
are more stable than those with the seven-membered “rings” (the dif-
ferences are ca. 11 kcal/mol for each of the complexes). This finding
agrees with the structural data provided by 'H NMR spectroscopy as well
as with data from the literature [26,38-41]. Isomers A differ from iso-
mers B by the orientation of the 2,3-bis(2-pyridyl)quinoxaline fragment:
in the A isomer pyridine points toward the dip ligand, while in the B
isomer pyridine points towards the bpy one. The computed free Gibbs
energies indicate that the isomer A is more stable, which is reflected in
its preferred formation compared to the isomer B.

Since isomers A were produced with significantly higher efficiency
(Table S1), those isomers were chosen for further spectroscopic, physi-
cochemical, and biological analysis. The UV-vis absorption spectra of
the metal complexes as well as complexes’s precursor (Ru(bpy)(dip)Cly)
and free ligands are shown in Fig. 4 and S10. The absorption coefficients
of synthesized Ru complexes at various wavelengths are provided in
Table 1. The stability of the Ru(II) compounds in an aqueous solution up
to 24 h of incubation was confirmed by UV-vis spectroscopy.

In the UV region of the complexes spectra, the intense and sharp
bands correspond to a spin allowed intra-ligand (IL) transition [18]. The
high-intensity absorption band around 400 nm can be attributed mainly

8x10* =
Ru-dpgA
7x10% o = =Ru-Me,dpgA
....... Ru-dpbA
6x10* <

5x10% <

4x10* 4

e [M'x cm™]

3x10° o

2x10* o

1x10% <
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300 400 500 600 700
Wavelength [nm]

Fig. 4. UV-vis absorption spectra of Ru(I) polypyridyl compounds in aqueous
solution (H,O, DMSO < 5 %, RT).
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Table 1
Molar absorption coefficients (in water) and logP parameters of the studied Ru
(II) compounds.

Ru 21(e) [nm(e x 10* A2(e) [nm(e x 10°mM! LogP

complex M lem™ 1] em™ ]

Ru-dpgA 351 (1.54 + 0.04) 530 (0.87 + 0.02) —0.09 +
0.06

Ru- 357 (1.55 + 0.05) 522 (0.85 + 0.03) 0.11 +

MeodpgA 0.06

Ru-dpbA 394 (1.57 £ 0.1) 565 (0.76 + 0.05) 0.22 +

0.07

to an intra-ligand charge transfer (ILCT), although some MLCT contri-
bution should be considered [42,43]. With respect to free ligand, the IL/
ILCT bands are red shifted by around 50 nm, because the energy of the
LUMO localized on dpq ligand is lowered upon coordination to ruthe-
nium(Il) [44]. The absorption in the visible region around 530 nm is
assigned to a MLCT transition as observed in ruthenium polypyridyl
complexes [18,45,46]. Modification of the dpq ligand with an additional
phenyl ring increases the delocalized n-electron system, by this reduces
the energy of the metal-to-ligand charge transfer (MLCT), which results
in a shift of the absorption band towards longer wavelengths [47]. The
absorption MLCT band in the visible region of the spectrum for Ru-dpgA
had a maximum at 530 nm, while for Ru-dpbA it occurred at 565 nm.
Such an increase in the wavelength of the MLCT transition is a desirable
effect in the case of potential applications of Ru complexes in PDT. The
introduction of methyl groups into the dpq ligand resulted in a small
hypsochromic shift in the maximum MLCT at 522 nm for Ru-MeadpgA.
The studied complexes were not luminescent upon excitation at the
MLCT band.

DFT calculations allowed the characterization of the frontier orbitals
of the complexes (see Fig. S11). HOMOs are made up mainly of Ru
d orbitals with an admixture of 2,3-bis(2-pyridyl)quinoxaline fragments
(dpq, Meadpq and dpb). LUMOs are mainly composed of 2,3-bis-(2-pyr-
idyl) quinoxaline fragments with a smaller contribution of Ru d orbitals.
TD-DFT calculations allowed us also to conclude that the main absorp-
tion bands of the studied complexes are of the MLCT character.

The lipophilicity of the newly synthesized complexes was deter-
mined using the HPLC method [28], adapted for Ru complexes. The
determined logP values for Ru compounds are presented in Table 1. As
can be seen, modification of the dpq ligand either with methyl sub-
stituents or with a phenyl ring increases the logP value of the complexes.
Furthermore, the difference between the elution time of isomer A and
isomer B of the compounds was observed to depend directly on the
lipophilicity of the complex. Higher logP values correlate with a greater
difference between the retention times of individual isomers (Table S1).

3.2. Reactive oxygen species production in aqueous systems

The efficiency of ROS production by synthesized Ru(Il) complexes
under cell-free conditions was assessed using a variety of fluorescent
probes and EPR spin traps. These values can be used to evaluate the
potential of these compounds to serve as effective photosensitizers.

The generation of 'O, in aqueous solution by irradiation of the
synthesized Ru complexes in the MLCT bands was detected qualitatively
by EPR spectroscopy (Fig. 5A). Upon oxidation with singlet oxygen, the
TEMP substrate was converted to the paramagnetic product TEMPO, the
spectrum of which was easily measured by EPR spectroscopy [34]. The
quantum yield of 10, production was measured using the singlet oxygen
sensor green (SOSG) probe. In air-saturated Tris/HCI buffer (pH 7.4) @,
was 0.3 — 0.7 for all studied complexes. Modification of the dpq ligand
successfully decreased the efficiency of 10, generation. The addition of a
phenyl ring to this ligand caused a reduction of ®, to one-third of its
initial value. It should be taken into account that the ®, values obtained
can be slightly overestimated since the SOSG probe itself can serve as a
singlet oxygen photosensitizer [48].
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Fig. 5. (A) EPR spectra of TEMP oxidation to TEMPO upon irradiation of 0.05 uM Ru-dpgA, Ru-Me,dpgA, and Ru-dpbA at 530, 522, or 565 nm, respectively, light
dose 3.3 x 10* J/cm?. 0.05 M Tris/HCl buffer, pH 7.4, RT. (B) Photogeneration of 102 (®4) by Ru complexes upon their irradiation at MLCT bands.

The phototoxicity of Ru(Il) polypyridyl complexes depends not only
on their singlet oxygen generation [22], therefore the production of
other types of ROS was evaluated. The superoxide anion radical O3~ can
be detected using either EPR (by applying the DMPO spin trap) or
fluorescence spectroscopy (by the used of dihydroethidium (HE) probe).
The lack of noticeable changes in EPR or fluorescent spectra indicated
that the heteroleptic Ru(Il) complexes did not produce O3~ upon irra-
diation. The generation of hydroxyl radicals can be followed using EPR
(DMPO) or fluorescent (aminophenyl fluorescein, APF) probes. Upon
irradiation of Ru(II) complexes, no changes in APF spectra were
observed. However, the irradiation of Ru complexes with DMPO spin
trap revealed the characteristic spectrum of the DMPO-OH adduct
(Fig. S12) that confirms the minor production of *OH.

The production of HyOy was monitored using 2',7'-dichlorodihy-
drofluorescein (HyDCF). All studied Ru(II) complexes upon irradiation
induced a significant increase in the fluorescence of this probe. Recal-
culation of the DCF fluorescent signal in HyO» concentration revealed
that 1 uM Ru compounds can produce from 200 to 500 uM of hydrogen
peroxide (Fig. 6A). The calculated values could be slightly over-
estimated since HyDCF is reactive to various ROS [49], however, it is the
most sensitive to HyO2. The production of HoO5 was confirmed by EPR
spectroscopy (Fig. 6B). The amount of the photogenerated Hy0,, which

3.3. Cytotoxicity and photocytotoxicity toward breast cancer cells

The cytotoxicity and photocytotoxicity of the Ru complexes studied
were assessed against the highly invasive triple-negative breast cancer
cell line MDA-MB-231. The cytotoxicity of compounds in the dark
(Icgﬁrk) varies from 4 pM (for Ru-dpbA) to 63 pM (for Ru-dpqA)
(Table 2) All compounds were found to be more cytotoxic than cisplatin
(ICs0 = 83 uM), used as a reference (results are not shown). Free ligands
and Ru complexes’ precursor were found to be non-toxic in the studied
concentration range (0-32 pM), so cytotoxicy of polypyridyl Ru(Il)
complexes originated from their tris-heteroleptic structures. Cytotox-
icity of the compounds correlated well with their time-dependent
accumulation, measured by the ICP-MS technique (Fig. S13). On the
other hand, these parameters depend on the lipophilicity of the com-
pounds (logP values, Table 1). Such a correlation was expected and has
been previously reported by us and others [26,50,51].

Table 2

Cytotoxicity (IC33™) and photocytotoxicity (IC28%) values, as well as photo-
therapeutic index (PI = IC‘%Srk/IC‘éSS) values for the studied Ru complexes
determined against the MDA-MB-231 cell line after 24 h of incubation.

465
50

A . . Ru complex 1c5™/uM IC26°/uM PI
was detected upon irradiation of heteroleptic Ru(II) complexes is P so /K 20 /1
significantly higher, than for homoleptic ones [26]. Ru-dpgA 65.0 + 4.5 21+03 30.95
Ru-Me,dpqA 19.9 £ 1.1 3.4+0.3 5.85
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Fig. 6. (A) The amount of H,O, generated after irradiation of 1 uM Ru-dpqA, Ru-Me,dpgA, and Ru-dpbA at 530, 522, or 565 nm, respectively. Light dose 2.7 x 10
4 J/em?. (B) DMPO EPR spectra after irradiation of Ru complexes (0.5 uM, 1.3 x 10" J/cm?) in the presence of Fe?*. 0.05 M Tris/HCl buffer, pH 7.4, RT.
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The toxicity of the complexes increased dramatically after irradia-
tion. Irradiation of Ru-treated cells with monochromatic blue light (465
nm, 8.6 J/cm?) resulted in a decrease in IC28° values by up to a few M.
The phototherapeutic index (PI), calculated as the ratio of dark to light
ICs( values revealed that Ru-dpgqA was the most phototoxic compound
among the studied (PI > 30) (Table 2). It can be partly explained by its
low cytotoxicity in the dark. Additionally, Ru-dpqA was found to be the
best photosensitizer in aqueous solutions, in terms of the formation of
10, and H,0,. High cytotoxicity of the studied Ru(II) complexes can be a
serious limitation in their future possible use as PDT agents. This
drawback can be reduced by modifying the used concentration of Ru
compounds (to achieve photocytotoxicity upon irradiation but not
cytotoxicity in the dark) or by applying a specific delivery system (for
example selective nanocarriers) to decrease cytotoxicity in the dark.

To better understand the mechanism of phototoxicity induced by the
Ru complexes studied, a set of fluorescent probes (SOSG, HE, APF,
H,DCF) was used to detect ROS formation resulting from irradiation of
cells exposed to these Ru complexes (Figs. 7, S14). Extremely low con-
centrations of complexes were added to cells (1C485/8, 1C285/4) to limit
the ROS assessment to only those produced in cells after irradiation.
Such concentrations did not induce ROS production in the MDA-MB-231
cell line in the dark. Irradiation of Ru-treated cells resulted in the pro-
duction of high amounts of HyO, (Fig. 7A). The generation of singlet
oxygen was also measured (Fig. 7B). Apart from 10, and H505, no other
reactive oxygen species were detected (Fig. S14). Ru-dpgA was once
again identified as the most efficient ROS-producing complex in vitro.

3.4. Influence on cancer cell adhesion properties

It has recently been shown that in addition to their cytotoxic and
phototoxic activity, Ru(II) polypyridyl complexes can alter the adhesion
properties of various cancer cells [51-56]. Light activation can further
modulate the antimetastatic activity of Ru compounds [24].

The trypsin resistance assay, described in detail in our recent review
[57], was used to evaluate the influence of the synthesized Ru complexes
on the adhesion properties of MDA-MB-231 cells. To exclude the toxicity
of the complexes, low nontoxic concentrations (ICs¢/4, IC50/8) were
used for an evaluation. The tested Ru(II) complexes significantly
decreased the susceptibility of MDA-MB-231 cells to trypsin detachment
(Fig. 8A). The strongest effect was observed for Ru-dpbA, which cor-
relates with the accumulation and lipophilicity of the compound. To
check whether changes in the adhesion properties of cancer cells
induced by the studied Ru(I) complexes can be further modulated with
the use of irradiation, we also performed a trypsin resistance assay on
irradiated Ru-treated cells. The concentrations used for the complexes
were appropriately decreased (to IC$3™/4 and IC$3%/8) to avoid
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photocytotoxicity of the compounds. Such small concentrations did not
induce changes in the adhesion properties of MDA-MB-231 cells in the
dark (results are not shown). However, the irradiation of Ru-treated cells
with monochromatic 465 nm light significantly increased the number of
tumor cells that were resistant to trypsin treatment (Fig. 8B). Therefore,
even very small, non-photocytotoxic concentrations of the synthesized
Ru(Il) complexes upon light activation changed the adhesion properties
of cancer cells.

4. Conclusions

Three novel heteroleptic Ru(Il) polypyridyl complexes were syn-
thesized with the assistance of microwave irradiation. The obtained
mixture of isomers was successfully separated by PTLC. DFT calculations
indicated that in the synthesized complexes, Ru atoms form five-
membered “rings” with ligands based on 2,3-bis(2-pyridyl)quinoxaline.
They can co-exist in two isomeric forms, out of which the one with
pyridine pointing toward the dip ligand is more stable. 'H NMR spec-
troscopy confirmed the findings of the DFT calculations. The described
synthetic procedures can be applied to prepare different tris-heteroleptic
Ru(II) polypyridyl compounds. This will increase the accessibility to a
larger variety of Ru structures, which in turn will lead to the more
efficient selection of complexes with the desired properties.

The synthesized Ru complexes were investigated for their potential
application as PDT agents. All complexes studied exhibited significant
photocytotoxic activity under irradiation with a low dose of mono-
chromatic visible light. However, the compounds were found to be
cytotoxic in the dark, which can limit their application in PDT. Ru-dpqA
has the greatest potential as PDT agent as the least cytotoxic compound
in the dark with phototherapeutic index PI > 30. Their photodynamic
activity was based on both type-I and type-II sensitized oxidation
mechanisms, as confirmed by studies in cellular systems and by solution-
based studies. Such dual reactivity can be beneficial for PDT activity in
cells under decreased oxygen conditions. Ru-dpgA was found to be the
most promising photodynamic agent among the compounds studied due
to both low cytotoxicity in the dark and high efficiency of Hy0, and 10,
generation. Furthermore, the study on the antimetastatic activity of Ru
complexes revealed that nontoxic concentrations of the complexes
strengthened the adhesion properties of cancer cells. Irradiation further
enhanced this activity and allowed a significant influence on the adhe-
sion of cancer cells at much lower concentrations of Ru complexes. This
finding unravels an additional benefit of Ru(II) polypyridyl complexes as
PDT agents.
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Fig. 7. ROS formation upon treatment of MDA-MB-231 cells with nontoxic concentrations of Ru(I) complexes upon irradiation with 465 nm light (8.6 J/cm?). The
formation of H,O, was evaluated with the H,DCF-DA probe (A), while the generation of 10, was measured with the SOSG probe (B).
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Fig. 8. The change in the adhesion properties of MDA-MB-231 cells was evaluated as the percentage of remaining adherent cells after controlled trypsin treatment.
Cells were treated for 24 h with Ru-dpgA, Ru-Me,dpqA (dashed), and Ru-dpbA (horizontal) without irradiation (A) and after 465 nm light irradiation (8.6 J/em?,

B). Untreated cells were used as a control (100 %).
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