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Introduction

Terpyridine-based ruthenium complexes
containing a 4,5-diazafluoren-9-one ligand with
light-driven enhancement of biological activityt
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There has been growing effort in the scientific community to develop new antibiotics to address the
major threat of bacterial resistance. One promising approach is the use of metal complexes that provide
broader opportunities. Among these systems, polypyridine-ruthenium(i) complexes have received par-
ticular attention as drug candidates. Here, we prepared two new ruthenium(i) complexes with the formu-
lation [Ru(DFO)(phtpy-R)ClI(PFs), where phtpy = 4'-phenyl-2,2":6'2"-terpyridine; R = -H(MPD?1),
—CH3z(MPD2); and DFO = 4,5-diazafluoren-9-one, and investigated their chemical, biochemical and anti-
bacterial activities. These compounds exhibit photoreactivity and produce reactive oxygen species (ROSs).
Photogeneration of singlet oxygen (*O,) was measured in acetonitrile with significant quantum yields
using blue light, @ = 0.40 and 0.39 for MDP1 and MPD2, respectively. Further studies have shown that
MPD1 and MPD2 can generate superoxide radicals. Antibacterial assays demonstrated a significant
enhancement in MIC (minimum inhibitory concentration) upon blue light irradiation (>32-fold), with MICs
of 15.6 pg mL™t (S. aureus, ATCC 700698) and 3.9 ug mL™ (S. epidermidis, ATCC 35984) for both metal
complexes. Interestingly, an MIC of 15.6 pg mL™ for MPD1 and MPD2 was observed against
S. epidermidis ATCC 12228 under red light irradiation. The latter results are encouraging, considering that
red light penetrates deeper into the skin. In addition, no significant cytotoxicity was observed in some
mammalian cells, even upon light irradiation, supporting their potential safety. Altogether, these data
show evidence of the potential use of these compounds as antimicrobial photodynamic therapeutic
agents, enriching our arsenal to combat this worldwide bacterial threat.

and undue use of antibiotics is expected to lead to 10 million
people deaths annually from drug-resistant bacterial infections

Antimicrobial agents are drugs used to prevent and treat infec-
tions in humans, animals, and even plants." There is, currently,
significant concern about the growing number of resistant bac-
teria that annually cause ca. 700 000 deaths worldwide, whose
situation may worsen after the indiscriminate use of antibiotics
in the pandemic period of COVID-19.”* The continuous excessive
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over the next 35 years.” Evidently, this is going to make treatment
of these infections even more difficult to be carried out, increas-
ing the risk of infections, dissemination of diseases, occurrence
of severe forms of diseases, and even more deaths.®

There is already a major concern for the rapid global spread
of multidrug-resistant (MDR) and pan-drug resistant (PDR)
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bacteria, as reported by the World Health Organization
(WHO)." The latter strain does not respond to any class of anti-
biotics available, representing an immediate threat. For
example, glycopeptide-resistant Gram-negative bacteria are
resistant to all available antimicrobials, including tigecycline
and colistin drugs.” It is essential to develop new antibacterial
compounds that can circumvent these mechanisms of resis-
tance. At the end of 2023, new antibiotic candidates with novel
mechanisms of action caught the attention of the scientific
community because of their efficacy against carbapenem-
resistant Acinetobacter baumannii, a highly resilient opportu-
nistic bacterium found in hospital settings, where some had
just entered clinical trials.>® This case reminds us of the
urgent need for antibiotic compounds, particularly with novel
mechanisms of action. Inorganic-based compounds, or even
nanomaterials, have shown promising activity against bacteria,
including antibiotic-resistant bacterial strains, which may help
in dealing with this issue and also delay the emergence of
further resistance.'® These types of compounds can also offer
new mechanisms of action targeting many distinct biological
targets opening great opportunities.'**?

There is a need to develop new non-toxic antimicrobial
technologies that can act more effectively and quickly than the
current antibiotics. Such innovations include the use of in-
organic compounds in antiproliferative materials such as clus-
ters,’® photocatalytic metal-organic frameworks (MOFs),"*™*¢
conjugated polymers,”” and microphysiological systems
(MPSs),"® among others. In these examples, they show a
remarkable sterilization effect under conditions of ROS gene-
ration upon light irradiation. In addition to the aforemen-
tioned materials, an effective technology is antimicrobial
photodynamic therapy (aPDT).'® This relies on causing bac-
terial cell death in the presence of a photosensitive compound

PF

Fig. 1 Structures of MPD1 and MPD2.
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(PS) that promotes local and temporal generation of reactive
oxygen species through light excitation.’’>* Several studies
have shown the application of aPDT in clinical treatments,
such as in the repair of diabetic wounds,**** dermatological
treatments,”® bacterial biofilm control, and®® pre-treatment of
catheters in hospital settings,?”””® among others.

The effectiveness of aPDT depends mainly on some factors,
including the use of adequate PS compounds, which must
present high phototoxicity, low toxicity in the dark, a high
quantum yield of "0, (and/or other deleterious free radicals), ade-
quate pharmacokinetics, uptake by bacteria, or interaction with
the bacterial cell membrane/wall.”® There is availability of light
probe devices for virtually any part of the body, which has broad-
ened the opportunities for phototherapy. The use of metal com-
plexes as potential PS drugs has been widely studied owing to
their promising photochemical and photophysical processes.
One of the oldest compounds exhibiting promising photogenera-
tion of ROSs was the tris(2,2"-bipyridine)ruthenium(u) ion, and a
series of other polypyridine complexes have been investigated
since then. The polypyridine ruthenium compound TLD1443 has
been investigated as a PDT agent, which is in phase 2 clinical
trials against non-muscle-invasive bladder cancer.*>*'

In the development of novel metal compounds, a metal
center can be combined with distinct ligands to achieve the
desired properties for use as a therapeutic agent. Metal com-
plexes containing substituted phenyl-terpyridine polypyridine
derivatives or 4,5-diazafluoren-9-one (DFO) ligands exhibit
interesting physicochemical and biological properties, making
these types of ligands relevant in this design. Among the pro-
perties described for some of these compounds, one can
mention a few that stand out, such as antibacterial action,**?
antiproliferative cell activity,>*® and DNA interaction and
photocleavage,®®*® among others.

PF
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Having this in mind, we combined these ligands and pre-
pared two new polypyridine ruthenium complexes, aiming to
achieve ROS (*0,) photoproduction along with the capacity to
eliminate bacteria (Fig. 1). The organic ligands employed may
assist in the generation of ROSs, while terpyridine-derived
ligands could particularly promote an absorption red-shift due
to their increased = conjugation, thus, possibly achieving close
to the phototherapeutic window (600-850 nm).*! Interestingly,
these compounds exhibited promising biological activities
against Gram-positive bacteria with enhanced action upon
light irradiation, even upon irradiation with red light, as
further described.

Results and discussion

Syntheses of the metal complexes

The metal complexes [Ru(DFO)(phtpy)Cl](PFs) (MPD1, where
phtpy = 4'-phenyl-2,2":6',2"-terpyridine and DFO = 4,5-diaza-
fluoren-9-one) and [Ru(DFO)(phtpyMe)Cl](PFs) (MPD2, where
phtpyMe = 4'-(p-tolyl)-2,2":6',2"-terpyridine and DFO = 4,5-dia-
zafluoren-9-one) were obtained through procedures described
in the Experimental section. In summary, they were syn-
thesized in three steps, starting from the precursor cis-[Ru
(DMSO0),Cl,], in which three DMSO ligands were replaced by
one terpyridine derivative ligand. This new precursor, cis-[Ru
(phtpy-R)(DMSO)Cl,], had one chlorido ligand and one DMSO
ligand replaced by a 4,5-diazafluoren-9-one (DFO) ligand,
which was further isolated as a PFy~ salt. These metal com-
plexes were fully characterized using spectroscopic and electro-
chemical techniques, and supported by computational calcu-
lations as shown further.

Characterization

Red crystals of the metal complexes MPD1 and MPD2 were
obtained by slow evaporation of an acetone/ethyl ether solu-
tion at 28 °C and protected from light. These crystals were suit-
able for single-crystal X-ray diffraction analyses. All crystallo-
graphic data and structure refinement parameters are sum-
marized in Table 1.

The MPD1 and MPD2 compounds crystallized into two dis-
tinct crystalline systems, monoclinic (P2,/c) and triclinic (P1),
respectively. The asymmetric unit cell is shown in Fig. 2 with
the atom-labeling scheme employed. These structures are con-
sistent with the formulation of the metal complexes as a
monomeric six-coordinated molecular species, where the
ligands show trans geometry for the Cl~ ligand in relation to
the DFO ligand. Table 2 summarizes all relevant interatomic
bond lengths and bond angles for MPD1 and MPD2, respect-
ively. The presence of one PFs~ counterion supports a Ru(i)
charge in both structures in agreement with NMR and elemen-
tal analyses. In the case of MPD1, acetone, as a crystallization
solvent, was incorporated into the crystalline structure.

"H NMR spectra showed signal patterns consistent with the
coordination of all chelating ligands (Fig. 3A and Fig. S1,
ESIT), while bidimensional NMR techniques (COSY and
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Table 1 Crystallographic data refinement for MPD1 and MPD2

MDP1 MDP2

CCDC number 2375482 2375481

Empirical formula  C;3,H,;CIN5ORu, PFg, C33H,3CIN;ORuU, PFg,
1.5(C3H0) 0.5[H,0]

Formula weight 860.14 796.06

Temperature [K] 300.00 150.00

Crystal system Monoclinic Triclinic

Space group P2,/c(14) Pi(2)

a[A] 8.7628(7) 8.746(2)

b[A] 27.6833(18) 13.317(3)

c[A] 14.6097(12) 13.892(4)

al°] 90 96.811(9)

B1°] 95.034(3) 98.431(8)

7] 90 99.510(8)

Volume [A%] 3530.4(5) 1561.5(7)

VA 4 2

Peate [g cm ™) 1.618 1.693

u [mm™] 0.641 0.714

F(000) 1736 798

Crystal size [mm®]  0.15 x 0.136 x 0.066 0.294 x 0.171 X 0.12

Crystal colour Dull reddish red Dull reddish red

Crystal shape Block Block

Radiation MoK, (A = 0.71073 A) MoK, (4 = 0.71073 A)

20 range [°]

4.06 to 50.70 (0.83 A)

4.64 to0 50.70 (0.83 A)

Index ranges -10<h <10 -10<h <10
-33<k<33 -16 <k<16
-17<1<17 -16<1<16
Reflections 85572 42556
collected
Independent 6474 5720
reflections Rine =0.1322 Rin¢ = 0.1293
Riigma = 0.0510 Ryigma = 0.0844
Completeness 99.9% 99.8%
Data/restraints/ 6474/27/497 5720/519/498
parameters
Goodness-of-fiton  1.095 1.074
Final R indexes R, =0.0482 R, =0.1165
[1 > 26(D)] WR, = 0.0979 WR, = 0.2466
Final R indexes R, =0.0785 R, =0.1820
[all data] WR, = 0.1158 WR, = 0.2959
Largest peak/ 0.54/-0.49 1.98/-1.35
hole [e A™*]

HSQC) (Fig. 3B and Fig. S2-S3, ESIt) were suitable for assisting
on the full assignment of the hydrogen signals. MPD1 showed
integration signals for 21 hydrogens as expected when a triplet
signal at 7.61 ppm was integrated for 1 hydrogen. This signal
was assigned to H-1 as depicted in Fig. 1, while another signal
at 9.18 ppm was attributed to H-4 of that metal complex.*?
Further characterization employing *C NMR showed
signals of the aromatic ligands from 120 to 150 ppm as
expected for the sp” carbons of the DFO and terpyridine-based
ligands. We observed 22 and 23 signals of carbons for the
MPD1 and MPD2 complexes, respectively. These hydrogen
integrations and carbon signals were consistent with the for-
mulation proposed and the symmetry present in the phtpy-R
ligand. One typical signal of the carbonyl group of DFO was
observed at 187 ppm, which is noticed for the MPD1 and
MPD2 complexes.**** The carbon signals for the phtpy ligand
were found in a similar region to what was reported in the lit-
erature for analogous metal compounds with small changes in
the chemical shift (6).*> Table S1, ESIT resumes all attributions

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02562h

Published on 05 December 2024. Downloaded on 6/13/2025 10:37:22 PM.

Dalton Transactions

View Article Online

Paper

Fig. 2 ORTEP plots of the asymmetric units of MPD1 (A) and MPD2 (B) complexes; all computed H atoms, acetone and PF¢~ ions are omitted for

clarity.

Table 2 Selected bond lengths (A) and bond angles (°) of MPD1 and MPD2 complexes

MPD1

Bond lengths Bond angles

MPD2

Bond angles Bond angles

Ru1-Cl1 2.3852(13) N1-Rul-N1A 177.81(15)
Rul-N1 1.934(4) N2-Rul-N3 159.67(15)
Rul-N2 2.064(4) N2A-Rul-Cl1 173.38(11)
Rul-N3 2.067(4) N1-Rul-N2 79.84(15)
Rul-N1A 2.128(4) N1-Ru1-N3 79.84(15)
Rul-N2A 2.102(4) N1A-Rul-N2A 82.12(15)
N2-C5' 1.373(6) C3'-C4-C5 121.7(4)
N3-C5" 1.367(6) Ru1-N3-C5" 113.2(3)
N1A-C2A 1.359(6) Ru1-N1-C8 119.5(3)
N2A-C10A 1.343(6) Rul-N1A-C12A 108.8(3)
C6A-O1A 1.191(6) N1-Ru1l-Cl1 90.43(12)

of "*C NMR for this compound. Fig. S2 and S3 ESI7 illustrate
the *C NMR spectrum for MPD1, and Table S2, ESI{ summar-
izes all assignments of the signals observed. Once these two
metal compounds are very similar, but for a methyl residue,
the similarity in all assignments is not surprising, while MPD2
showed an extra carbon signal at 21.5 ppm, characteristic of an
sp® carbon. In addition, a signal of C-1 of the ring D (Fig. S2
and S3, ESIt) was seen with the signal at 140.38 ppm, charac-
teristic of ortho-para substituted benzenic rings.
High-resolution mass spectrometry (ESI-MS) was performed
by direct infusion, in a mobile phase containing 5% H,O
(solvent A, 0.1% formic acid) and 95% acetonitrile (solvent B
with 0.1% formic acid). These measurements showed an inter-
esting profile (Fig. S4, ESIT) in which the intact molecular ion

This journal is © The Royal Society of Chemistry 2025

Rul-Cl1 2.382(4) N1-Rul-N2A 174.1(4)
Rul-N1 1.887(12) N2-Rul-N3 159.7(5)
Ru1l-N2 2.063(11) N1A-Ruil-Cl1 172.4(3)
Rul-N3 2.063(11) N1-Rul-N2 79.0(4)
Rul-N1A 2.130(11) N1-Ru1-N3 80.7(4)
Rul-N2A 2.070(11) N1A-Rul-N2A 83.0(4)
N2-C5' 1.382(17) C3'-C4-C5 121.7(14)
N3-C5" 1.345(16) Ru1-N3-C5" 112.7(9)
N1A-C10A 1.333(16) Ru1-N1-C8 124.2(9)
N2A-C2A 1.343(17) Rul-N2A-C12A 107.6(8)
C6A-01A 1.12(2) N1-Ru1-Cl1 95.8(3)

was found with an m/z value of 628.0497 u (theoretical
628.0473 u, [M + H — PF¢]") for MPD1 and an m/z value of
642.0628 u (theoretical 642.0629 u, [M + H — PF]") for MPD2
(Fig. S4, ESIY), which were fully consistent with the proposed
structures.

Density functional theory (DFT) was used to optimize the
geometry of MPD1 and MPD2 and also calculate their
vibrational and electronic spectra. This theoretical FTIR spec-
trum agreed with the experimental data, thus supporting our
vibrational mode assignments. Fig. S5, ESIT shows these data
and illustrates their satisfactory agreement. The experimental
FTIR spectra of the MPD1 and MPD2 complexes showed
characteristic bands of ruthenium complexes supporting the
presence of DFO (e.g., (C=O0) at 1735 and 1737 cm ", for

Dalton Trans., 2025, 54,1850-1870 | 1853
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Fig. 3 MPD1 characterization: (A) *H NMR in (CD3),SO; (B) electronic absorption spectra in acetonitrile (3 x 10~ mol L™) at 25 °C; (C) HSQC NMR
in (CD3),SO; (D) cyclic voltammogram in 0.1 mol L™ TBAPFg/acetonitrile at 25 °C, at a scan rate of 0.100 V s™%, using glassy carbon, platinum wire
and Ag|AgCl as working, auxiliary and reference electrodes, respectively (a ferrocene redox pair used as a reference). The black dashed line rep-

resents a sweep potential for the electrolyte solution only.

MPD1 and MPD2, respectively) and phtpy and derivative
ligands, indicating their coordination to the metal center
(Table S3, ESIT). Additionally, two strong bands at ca. 850 and
ca. 557 cm™" were seen in both metal complexes, which were
assigned to axial and angular deformation modes for hexa-
fluorophosphate found as a counterion.

We investigated the redox processes of these metal com-
plexes by cyclic voltammetry using a glassy carbon working
electrode in a 0.1 mol L™ solution of tetrabutylammonium
hexafluorophosphate in acetonitrile at 25 °C. These metal com-
plexes showed a series of redox processes in a wide range of
potentials from —2.3 V up to +1.8 V. MPD1 and MPD2 showed
quasi-reversible redox processes at +1.02 V and +0.94 V vs. Ag|
AgCl (Fig. 3D and Fig. S1, ESI}), respectively, which corre-
sponded to the Ru™" redox process.

In addition, four redox waves were observed at negative
potentials, which are associated with the aromatic ligands
(Fig. S6, ESIT). The first two redox pairs with E, values of —0.59
V and —1.13 V for MPD1, as well as —0.66 V and —1.22 V for
MPD2, were attributed to the DFO ligand (Fig. S6, ESIf). The
third and fourth irreversible cathode waves were associated

1854 | Dalton Trans., 2025, 54, 1850-1870

with processes characteristic of phenyl-terpyridine ligands as
summarized at —1.48 V and —1.80 V for MPD1 and also at
—1.56 V and —-1.87 V for MPD2 depicted in Table 4. These
ligand-based processes have been previously reported in the
literature, both for phenyl-terpyridine derivatives*®° and the
DFO ligand,"”*" but never combined in the same ruthenium
(1) complex. The redox potentials for MPD2 shifted by 80 mV
is likely due to the inductive effect of the methyl moiety allow-
ing better stabilization of the Ru(m) state.

An examination of the frontier molecular orbital compo-
sition using DFT data for the MPD1 and MPD2 complexes
(Fig. 4) indicated a significant contribution of the DFO ligand.
This was experimentally supported by the fact that the first
redox process in the negative region of the voltammogram is
indeed characteristic of this ligand in both metal complexes.

Electronic spectra of both metal complexes were recorded
in acetonitrile (Fig. 3B and Fig. S1, ESI{) (Table 4). There are
four high-energy electronic transition bands with maxima at
231, 283, 314, and 364 nm for MPD1, while for MPD2 there
were minor changes in these bands with maxima at 257, 276,
310, and 364 nm. It is important to remark that the energies

This journal is © The Royal Society of Chemistry 2025
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orbitals of MPD1 and MPD2 (A). Experimental and simulated and absorption spectra of MPD1 and MPD2 (B). Selected molecular orbitals for the ion
complex MPD1 consistent with their major UV-Vis electronic transitions using TD-DFT (C).

and intensities of these bands resemble those of the free
ligands (Fig. S7, ESIf). This result suggests that these elec-
tronic transitions are still primarily localized within the aro-
matic ligands and may be analogous to the type of transition
reported for the free ligands. Besides these bands, MPD1 and
MPD2 also displayed broad bands in the visible range exhibit-
ing peaks at 510 nm and 513 nm, respectively. These bands
are attributed to metal-to-ligand charge transfer (MLCT) tran-
sitions as supported by TD-DFT calculations. Indeed, these
bands are commonly reported in polypyridine-derived metal
complexes*® and ruthenium(u) complexes with aromatic
N-heterocyclic ligands, displaying a strong absorption band
in the visible range with a molar extinction coefficient (¢) of
approximately 10* mol™" L em™".>> Molecular orbital (MO) con-
tribution analysis was used primarily to support interpretation
of the spectroscopic behavior of the metal complexes. An
attempt to assign these transition bands was also made and
all assignments are presented in Tables S4 and S5, ESL.f
Calculations were performed to gain insights into the elec-
tronic structures of MPD1 and MPD2. The geometry of these
compounds was fully optimized at the B3LYP/6-31G level. DFT
calculations revealed that the ground state HOMO of MPD1 is
mainly formed by the dn-bonding orbital of the ruthenium
moiety (76%), while the LUMO is mainly located on the n-anti-
bonding orbital of the DFO ligand (99%), whereas MPD2
showed a similar profile (Fig. 4A-C). This profile is consistent

This journal is © The Royal Society of Chemistry 2025

with our assignment for the first two reduction processes
being centered on the DFO ligand. In addition, the process in
the positive range associated with the ruthenium moiety is
also consistent with the distribution of the HOMO on the
ruthenium. Interestingly, the LUMO+1 and LUMO+2 of MPD1
are distributed mainly over phtpy (87%) and DFO (88%),
respectively. This profile was very similar for MPD2, where the
LUMO+1 and LUMO+2 are also distributed mainly over phtpy
(86%) and DFO (87%), respectively (Fig. 4C). Although the cal-
culated HOMO energies for MPD1 and MPD2 are very close,
their electrochemical potentials were reasonably distinct indi-
cating that even a moderate change in phtpy can still cause
expressive electronic disturbances.

Partition coefficient

The size, spatial orientation, charge and lipophilicity of a
molecule are key factors involved in the uptake and cellular
distribution, which becomes important during drug develop-
ment.”® The partition coefficient (log P) and the distribution
coefficient (log D) measure the distribution of a compound in
water and buffered media compared to an organic solvent
(octanol). This parameter plays an important role in indicating
its potential passive absorption by cells. Based on this, we
measured the lipophilicity of our metal complexes in which
MPD1 and MPD2 exhibited log P values of —0.11(+0.03) and
—0.23(+0.08), respectively, while they exhibited log D, , values
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Table 3 Experimental data for metal complexes MPD1 and MPD2
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E? (V vs. Ag|AgCl)

Singlet oxygen quantum
yield (@,)°

Ru"™"™ SOSG DPBF
Metal Amax “/mm
complex (e x10*/mol L™ em™) Ei;»  R-phtpy/DFO ligands H,0 MeOH ACN MeOH Log P* LogD pH 7.43 ¢
MPD1 283 (2.01), 313 (1.63), 365 +1.02 E.: -0.59,-1.13,-1.48, 0.04 0.13 0.40 0.17 —0.11 (+0.03) —0.41 (+0.03)
(0.19), and 491 (0.49) and —1.80
E,: —0.53, —1.08, —1.41,
and -1.71
MPD2 284 (1.92), 311 (2.31), 365 +0.94 E.: -0.66, -1.22, —-1.56, 0.06 0.17 0.39 0.12 —0.23 (+0.08) —0.17 (+0.04)
(0.26), and 493 (0.67) and —1.87
E,: —0.58, —1.15, —1.50,
and -1.77

“Solvent: PBS buffer 0.1 mol L™" pH 7.4 at 25 °C. ” Solvent: acetonitrile.
in methanol. MeOH = methanol; ACN = acetonitrile. ¢ Solvent: H,O.

of —0.41(+0.03) and —0.17 (x0.04), for MPD1 and MPD2,
respectively (Table 3). These compounds are considered
slightly hydrophilic (0.3 < log P < 0). Lipophilicity is crucial
when studying the interactions of Ru(u) complexes with bio-
logical systems, with ideal values of log P ranging from 2 to 5,
since high lipophilicity improves cellular uptake by increasing
interactions with intracellular biomolecules as well.>*
However, water solubility is also important for effective phar-
macokinetic processes. Hydrophilic drugs can also take advan-
tage of facilitated transport across cell membranes using
specific transporters.®® Furthermore, there are many hydro-
philic approved drugs outside the ideal range of logP and
log D values, which does not limit this study.

Thermal and photochemical stability measurements

The thermal and photochemical stability of the metal com-
plexes was studied in different solvents (Tris-HCl buffer,
DMSO, acetonitrile, and ethanol) in the absence of or upon
irradiation with blue light (Fig. S8 and S9, ESI{). At the end of
the monitoring period of up to 24 h, it was not possible to
observe any significant changes in the electronic spectra of the
metal complexes. These results would indicate a lack of reac-
tions or exchange of the ligands supporting their stability
under those conditions. Interestingly, similar behavior was
also observed upon light irradiation, demonstrating significant
photochemical stability for these metal complexes as well.

Photogeneration of reactive oxygen species (ROSs)

Singlet oxygen production (0,). Considering that 'O, is an
important biocidal species, any attempt to develop photothera-
peutic agents commonly evaluates its production. For the
metal complexes MPD1 and MPD2, blue light irradiation
measurements were performed to investigate whether or not
singlet oxygen generation was achieved and calculate the
quantum yield (@,), which was also explored using red light
irradiation. We should mention that topical treatment or even
internal use of light probes can still allow the efficient use of

1856 | Dalton Trans., 2025, 54,1850-1870

¢Upon blue light irradiation, Ae = 410 nm and ®, = 0.84 for [Ru(bpy);]**

phototherapy even outside the desirable phototherapeutic
window (600-900 nm).>®

Initially, a DPBF probe was used to detect singlet oxygen
species, and even though it is less selective, we can use it with
many types of solvents including less suppressive ones to the
generation of 'O, species.”” In addition to that, Singlet Oxygen
Sensor Green (SOSG), a highly selective probe for 'O, species,
was also employed as a fluorometric probe, and it could be
used in aqueous media and some organic solvents as well
(e.g., methanol). The latter probe works through an intra-
molecular photoinduced electron transfer (PET) process to
detect 'O,, where one moiety consists of an electron donor
portion (derived from anthracene) and another consists of a
covalently linked acceptor. In the presence of '0,, a reaction
occurs with the anthracene ring forming endoperoxide-anthra-
cene that quenches intramolecular PET allowing the emission
of light.® On the other hand, the fluorescent DPBF probe
upon reaction with 'O, species is converted into a non-fluo-
rescent product. In both assays, standard singlet oxygen gen-
erators were used as reference compounds to measure the rela-
tive quantum yield (&,) (Table 3).

Using DPBF, MPD1 and MPD2 in methanol, with blue LED
irradiation, promoted low singlet oxygen production with @,
values of 0.17 and 0.12, respectively (Fig. S10, ESI{). Similar
studies with SOSG showed close values of @, at 0.13 and 0.17
for MPD1 and MPD2, respectively. These results showed a con-
sistent production of highly reactive species in methanol
(Table 3 and Fig. 5) with modest differences between these
probes.>”*® Unfortunately, both metal compounds showed
negligible singlet oxygen production in water (&, values of
0.04 and 0.06 for MPD1 and MPD2, respectively), which is
commonly seen due to the suppressive behavior of water.
Nonetheless, we might expect that these compounds are able
to produce this type of ROS in other physiological microenvir-
onments. This remark can be supported by measurements
carried out in a non-protic solvent (acetonitrile), where the
DPBF probe showed an expressive enhancement in the photo-
generation of singlet oxygen upon blue light irradiation with

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Investigation of the production of reactive oxygen species as singlet oxygen and superoxide. Singlet oxygen measurements are shown in
panels (A) and (B) with time-dependent curves for quantum yield measurements of MPD1 and MPD2 samples irradiated with blue light. Panel (A)
shows the study using the SOSG probe in methanol, while panel (B) shows an analogous study using the DPBF probe in acetonitrile. Both assays
used [Ru(bpy)s]?* as a standard singlet oxygen photoproducer with blue light. The red squares are SOSG or DPBF only, blue triangles are MPD1,
green diamonds are MPD2, and black circles are [Ru(bpy)s]** (@, = 0.84, in acetonitrile and @, = 0.87, in methanol) all under blue light irradiation at
25 °C. Measurement of superoxide radical production using a reaction mixture of MPD1 or MPD2 (at 35 umol L™), in PBS 0.1 mol L%, pH 7.4,
reduced glutathione (GSH at 1.5 mmol L™%), NBT (50 umol L™) at 25 °C, was investigated under the following conditions: (C) MPD1 mixed with GSH
and NBT and kept in the dark; (D) MPD1 mixed with GSH and NBT and then irradiated with blue light; (E) MPD2 mixed with GSH and NBT and then
kept in the dark; and (F) MPD2 mixed with GSH and NBT and then irradiated with blue light.
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@, values of 0.40 and 0.39 for MPD1 and MPD2, respectively,
(Table 3 and Fig. S10, ESI{). In case these compounds are irra-
diated with red light, in acetonitrile, the @, values of 0.10 and
0.05 were still measurable for MPD1 and MPD2, respectively.
The latter result is quite encouraging despite the lower pro-
duction of *0,.

Hydroxyl radical production (HO"). Another important ROS
is the hydroxyl radical, which can be produced through a
photochemical type I mechanism involving photoinduced elec-
tron transfer processes. The measurement of this radical can
be done using aminophenyl fluorescein (APF), a selective fluo-
rescent probe for this radical. However, we and others noticed
that this probe can still be sensitive to singlet oxygen radicals
making us explore the use of a hydroxyl radical suppressor
during these assays as well. Thus, p-mannitol was employed as
such a suppressor, enabling us to better identify the contri-
bution of this radical, if any. Our results showed that MPD1
did not produce any significant hydroxyl radical, while MPD2
showed only very modest photogeneration of this species.
These results supported that singlet oxygen is still the likely
major photogenerated product (Fig. S11, ESIT).

Superoxide generation assay. Although being a weaker
oxidant species, the O,”” superoxide radical can still cause
serious damage to many biomolecules, particularly by redu-
cing free metals and assisting in the production of other dele-
terious radical species.®® Actually, there are many metal com-
plexes capable of producing this radical chemically or photo-
chemically as a biocidal agent. Here, we used nitrotetrazolium
blue (NBT) as a colorimetric probe to detect superoxide ions.
This yellow probe, NBT, is converted into a blue formazan
product upon reaction with superoxide, and this final product
can be measured using its light absorption at ca.
560-590 nm.*" Here, we carried out these measurements using
50 pmol ! NBT and 35 umol L™" metal complexes. Aiming to
evaluate the role of reducing agents during the production of
superoxide, we carried out these experiments with and without
reduced glutathione (GSH, at 1.5 mmol L") (Fig. 5). Once this
reducing agent is found at millimolar concentrations within
cells, it is a suitable reagent to be employed and commonly
explored in this process. Additionally, these metal complexes
were also irradiated with blue light or kept in the dark during
these experiments. All of these measurements were done in
buffered solution at 25 °C.

Although the metal complexes exhibited absorption close
to the formazan absorption band, there is clear evidence of
the formation of this radical. However, it was only produced if
the metal complex was mixed with reduced glutathione (GSH)
and also irradiated with blue light (Fig. 5C-F). There is no
measurable superoxide production or direct reaction involving
the metal compounds and reduced glutathione, in spite of the
latter being a common stimulus for the catalytic production of
superoxide mediated by many metal complexes even in the
dark.®® Thus, the use of blue light was also a strict require-
ment for superoxide production along with reduced gluta-
thione, suggesting that a type I mechanism of photoproduc-
tion of ROSs takes place.

1858 | Dalton Trans., 2025, 54, 1850-1870
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In particular, MPD1 and MPD2 showed a significant
capacity to photogenerate superoxide ions, where a typical
visual color change was noticed with an eventual purple pre-
cipitate in the cuvette at the end of the experiment. MPD2
showed better photogeneration of this radical, which can be
noticed by its faster photogeneration (ca. half the time) in
comparison with MPD1 (Fig. 5). A series of controls were done
to further support this process (e.g., MPD1/MPD2 + NBT +
light; MPD1/MPD2 + GSH; NBT + GSH + light), where we dis-
carded any direct reaction of NBT with glutathione or light or
even the metal complex in the absence of NBT as well
(Fig. S12, ESI1).®® Fig. $13, ESI{ shows the profile of the initial
rate of NBT reduction in the presence of NBT and GSH at
increasing concentrations of MPD1 and MPD2. This result
shows a trend involving an increase in the concentration of
metal complexes with the rate of the NBT reaction, with the
increasing formation of the superoxide radical varying as there
is an increase up to the highest concentration of metal com-
plexes (60 pmol L™1).

One additional measurement was carried out to further
validate the production of this radical which used the super-
oxide dismutase (SOD) enzyme. This enzyme catalyzes the dis-
mutation of the superoxide radical into H,O, and O,. SOD is
one of the most important enzymes that acts as a cellular anti-
oxidant system, which is found in the cytoplasm and mito-
chondria of mammalian cells.®* These experiments were per-
formed under the same conditions as before but with the
addition of SOD into the reaction mixture, and no spectro-
scopic changes were noticed (Fig. S13, ESI{). These results
reinforced that the radical generated was the superoxide ion.
We proposed that the formation of O, occurs during the
ruthenium redox process according to a catalytic cycle
(Fig. S14, ESI}) in analogy to other systems. These results
support the photoproduction of superoxide ions in a redox
process involving the ruthenium compounds, as shown in
Fig. 5. These results highlights that reduced glutathione® is a
key factor promoting the sustained generation of this specific
reactive oxygen species (ROS). Altogether, these results indicate
that MPD1 and MPD2 have a significant capacity to photogene-
rate superoxide, which, along with singlet oxygen, may be suit-
able agents for causing cell death. This may lead to controlled
damage to biomolecules such as DNA, promoting possibly bac-
tericidal effects as further described for MPD1 and MPD2.

Interaction and damage to DNA

Once these metal complexes exhibited thermal and photoche-
mical stability and were capable of photogenerating ROSs, we
looked at their ability to interact and eventually damage impor-
tant biological targets such as DNA. A DNA titration monitored
by electronic absorption in the UV-vis range was carried out,
but even after the addition of 60 pmol L' DNA (calf thymus
DNA, ct-DNA) into the metal complexes (at 10 pmol L"), no
significant spectroscopic changes were observed (Fig. S15,
ESIT). The lack of changes could be due to weak (or none)
interactions or even other types of interactions with minor
structural disturbances not well reported by UV-vis spec-
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troscopy. Based on this, we decided to look further at this
issue using a more sensitive structural technique such as circu-
lar dichroism (CD) spectroscopy.

Thus, an attempt to investigate the binding of these metal
complexes to double stranded calf thymus DNA (ct-DNA) and
salmon DNA (s-DNA) was made using CD. For this purpose,
MPD1 or MPD2 was mixed with DNA at different ratios and
also pre-incubated for 1 h at 25 °C. Circular dichroism spectra
of these samples were recorded as shown in Fig. 6. It is impor-
tant to mention that the measured CD spectra from 220 to
350 nm were indicative of the retention of the B-DNA confor-
mation in both types of DNAs. In addition to the positive CD
signal centered at 265 nm, there was also a negative band at
245 nm. The incremental addition of ruthenium complexes to
both ct-DNA and s-DNA resulted in a significant reduction in
ellipticity for each one of these CD bands.

There is a clear effect of the metal compounds on DNA,
which was not seen before by electronic spectroscopy, where
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both ruthenium complexes induced reductions in the ellipti-
city of the double stranded DNA (Fig. 6). These results suggest
that both molecules have likely similar interactions with DNA
as we would expect based on their structural similarity. As
shown in Fig. 6, the CD spectrum undergoes changes in both
positive and negative bands upon incubation with the metal
complexes. They promoted a reduction in the intensity of
these bands suggesting a likely interaction between the metal
complex and DNA. In addition, MPD1 also showed a drastic
change in the spectra of the two investigated DNAs, exhibiting
in both cases a characteristic positive peak at 262 nm and a
negative peak at around 298 nm.°® This profile indicates a
likely transition from B-DNA to Z-DNA forms.®” For MPD2,
there was a decrease in the intensity of the bands with moder-
ate similarity to that seen with MPD1. These spectral changes
suggest disruption of the B-DNA secondary structure, impact-
ing nucleobase stacking and the local helix geometry.®® The
reduction in elliptic intensity at the 271 nm band following
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Fig. 6 DNA binding studies monitored by circular dichroism. Spectra of 100 pmol L™ bovine calf thymus DNA (ct-DNA, top) and salmon DNA
(s-DNA, bottom) incubated for 1 h with increasing concentrations of MPD1 (A and C) and MPD2 (B and D) ruthenium(i) complexes. The concen-
trations of the ruthenium complexes are ranging from 5 to 40 umol L™ . The solid magenta line represents only ct-DNA and s-DNA, while the black
lines are the metal complexes alone in the maximum concentration employed. Arrows indicate a trend upon increasing the concentration of the

ruthenium complex.
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compound interaction supports an increase in the winding
angle and a decrease in the helix twist. This intensity
reduction may also indicate a conformational shift in the DNA
duplex, possibly altering the base pair count per helical turn,
as observed in the transition from B-form DNA (10.4 bp per
turn) to C-form DNA (9.4 bp per turn).”® Accordingly, we
suggest that the interaction of MPD2 with DNA reduces right-
handed helicity, modifying base stacking and inducing an
intermediate state with characteristics of the C-DNA form, but
further studies need to be done to better describe this
process.®® Nonetheless, even modest structural changes in a
metal compound can affect its capacity to interact and disturb
specific regions of the DNA.

Cleavage of DNA. Once we noticed that these metal com-
plexes could eventually interact with DNA, most likely through
a non-covalent mode, we investigated their ability to damage
DNA, particularly upon light stimulation. This study was
carried out using agarose gel electrophoresis, in which pUC19
DNA (20 umol L™, in base pairs) was mixed with metal com-
plexes (5, 10, 20, 30, and 60 umol L™') and exposed or not
exposed to blue light for 1 h. In addition to these conditions,
we also included GSH (5 mmol L"), given the ability of the
metal complexes to generate superoxide radicals, as shown in

A)MPD1  (CTRL
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our previous experiments. Oxidative cleavage of DNA usually
requires a stimulus such as light, and oxidizing or reducing
agents to initiate the process. This event can damage the sugar
and nitrogenous base of the DNA or both, which results in the
formation of DNA fragments that cannot be reconnected.”®
Our results showed that MPD1 and MPD2 are indeed
efficient DNA damaging agents when exposed to blue light,
but there is also some effect even in the dark (Fig. 7). In fact,
the formation of nicked DNA (form II) was observed using ca.
5 pumol L™' metal complex, and by increasing the concen-
tration of the compounds it is possible to observe that there is
also greater damage to the DNA. The more pronounced dis-
appearance of DNA after blue light irradiation suggests a sig-
nificant degradation, which was subsequently investigated by
size exclusion chromatography as described below. In
addition, the mobility of the remaining DNA is reduced,
especially after light irradiation. An additional test was per-
formed with the addition of GSH (Fig. S16, ESIt), where there
was no apparent influence of GSH on the photodegradation
process, which may indicate that DNA degradation is likely not
based on superoxide radical production. These metal com-
pounds continued their cleavage activity without any further
significant enhancement. Indeed, reduced glutathione seems
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Fig. 7 DNA cleavage studies. pUC19 DNA (20 pmol L™, in base pairs) used with MPD1 (A) and MPD2 (B) with and without 1 h of blue light irradiation.
In all experiments, lane 1 contains only the linear DNA ladder, lanes 2 and 9 have only pUC19 DNA, while lanes 3—8 and 10-15 contained DNA along
with the concentrations of 5, 10, 20, 30, 40 and 60 pmol L=* of the MPD1 (A) and MPD2 (B) complexes. The dark and blue boxes indicate that the
experiment was carried out without or with blue light irradiation, respectively.
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to moderately reduce damage, which could be due to the con-
sumption of the photogenerated singlet oxygen species, a
much stronger DNA cleavaging agent. Based on this, we have
confirmed their ability to photogenerate ROSs leading to DNA
cleavage likely via oxidative pathways.

Aiming to shed some light on this process, we used size-
exclusion-based spin columns (Bio-spin Bio-gel P30, Bio-Rad)
as a strategy to investigate the integrity of the DNA. These
highly efficient spin columns are based on a polyacrylamide
resin able to exclude compounds based on their molecular
weight. In this column, only large molecules (>20 base-pair
nucleotides or globular proteins of MW > 40 000 Da) can be
excluded from entering into the porous stationary phase and
be trapped. Thus, a large size DNA is fully excluded and
promptly collected after centrifugation, while the metal
complex or any other small molecule is trapped in the gel.
However, if there is a significantly strong interaction of a small
molecule with DNA, then, this species might be carried along
and removed from the column. In our case, if the metal com-
plexes are in this collected sample, then, we could identify
them by detecting their absorption bands in the visible range.

In this study, we mixed salmon DNA (MW > 2000 base
pairs) with an excess of the metal complexes (MW < 800 Da) in
10 mmol L Tris buffer, pH 7.4, and then they were incubated
for 1 h or 4 h in the dark. Additionally, another sample was
irradiated with blue light for 1 h. Two controls of only DNA or
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Fig. 8 Investigation of binding and degradation of salmon DNA (100 pmol L™%) promoted by the metal complexes (at 200 pmol L™*) in 100 mmol L~
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metal complexes were also employed. These samples were
applied onto the bio-spin column and excluded samples were
collected, which were subjected to measurement by electronic
spectroscopy.

Notably, two features were seen in these samples. First of
all, some collected samples containing DNA and the metal
complexes together showed bands in the visible range of the
electronic spectra confirming the presence of the metal com-
plexes (Fig. S17, ESIf). Besides that, there was a significant
decrease in the absorption band at ca. 255 nm, which is
mainly associated with DNA. It is important to mention that
the collected sample from the metal complex alone when
applied onto the bio-spin column did not show any absorption
bands in the visible range, while free salmon DNA alone had
its maximum absorption band recorded as a reference. Based
on this, there is further evidence that MPD1 binds to DNA (at
least with a fraction and in large excess), which allowed this
compound to be collected in the excluded sample along with
this macromolecule (Fig. 8 and Fig. S17, ESIY). Interestingly,
the sample irradiated with blue light showed an even stronger
increase in the amount of the metal complex carried with DNA
(ca. 6.1 pmol L), This result suggests that MPD1 can bind to
DNA, which might be as strong as through covalent inter-
actions. In addition to this, by monitoring the characteristic
band of DNA, at ca. 255 nm, we can estimate a relative
decrease in the DNA concentration of ca. 31-42% (from 1-4 h),
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Tris buffer of pH 7.4 at 25 °C using size-exclusion bio-spin columns. Panel (A) shows the effect of MPD1 in the relative amount of DNA, based on the
band at 255 nm, while panel (B) shows the absorbance measured in the visible range for this sample. Panel (C) shows the effect of MPD2 in the rela-
tive amount of DNA, based on the band at 255 nm, while panel (D) shows the absorbance measured in the visible range for this sample (panel A rela-

tive amount of DNA based on the 255 nm band).
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indicating that MPD1 can also degrade DNA even without
light. There is an increase in this DNA band after light
irradiation, but it can be attributed to the contribution of the
intraligand band of the metal complex associated with it.
Indeed, if this contribution is taken into consideration, we can
estimate a further decrease in DNA. These results indicate that
at least a fraction of MPD1 can strongly bind to DNA, but it
can also promote the direct degradation of DNA as well. These
results are in agreement with previous studies, where agarose
gel electrophoresis indicated the disappearance of DNA even
without light irradiation and CD measurements showed sig-
nificant changes in both bands of DNA.”*

We noticed some distinct behavior when using MPD2 in
this assay. There was a slightly faster and consistent decrease
in the DNA concentration, where ca. 29% and 40% were
degraded after 1 h and 4 h of incubation in the dark, respect-
ively. This degradation was significantly enhanced upon blue
light irradiation achieving ca. of 55% of DNA degradation
within 1 h, almost double of what was seen in the dark
(Fig. 8). We still observed the metal complex eluted along with
DNA, but it was expressively much more with MPD1 (with blue
light irradiation), which was not similar for MPD2. Our esti-
mated concentration of MPD2 linked to DNA was 2.2 pmol L™
in the dark and even lower in the light irradiated sample
(1.09 pmol L™"). These results showed that light irradiation
can better contribute to DNA degradation promoted by MPD2,
even though it binds less, while in the dark this effect is lower
and only moderate degradation is observed. In this case, more
MPD1 can remain attached and carried through the resin. In
summary, these results supported MPD2 as a more efficient
compound to degrade DNA upon light irradiation than MPD1,
which agrees with our electrophoresis results.

Antibacterial activity

These metal complexes were investigated as potential anti-
microbial agents against six bacterial strains (Gram-positive
and Gram-negative), where we also used blue or red-light
irradiation. Gram-positive bacterial strains (e.g., Staphylococcus
aureus and Staphylococcus epidermidis) were much more sensi-
tive to these metal complexes. Actually, the lack of activity for
Gram-negative bacteria is more commonly reported, consider-
ing the nature of their bacterial cell wall, which is relatively
more complex with an additional cell membrane’>”®> making
it harder for uptake.

Antimicrobial activities against bacteria are summarized in
Table 4 and S6, ESI;i some microorganisms had minimum
inhibitory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) ranging from 4.0 up to 259.6 pmol L%
Interestingly, MPD2 was the only one showing MIC and MBC
activity against Gram-negative bacteria even without light
irradiation, but still at a significantly high concentration
(128.4 pmol L™"). It is important to mention that this result
was usually enhanced upon blue or red-light irradiation.

We noticed that MPD1 and MPD2 exhibited moderate anti-
microbial activity in the dark, while upon blue or red-light
irradiation there was an expressive enhancement in these
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Table 4 Antimicrobial assay using MPD1 and MPD2

S. epidermidis ATCC 35984 pg mL ™"

(pmol L)

S. epidermidis ATCC 12228 pg mL ™"

(pmol L™)

S. aureus ATCC 700698 pug mL™"

(pmol L)

S. aureus ATCC 25923 pg mL ™"

(pmol L)

Blue LED

Metal complex

3.9 (4.06)
7.8 (8.12)
62.5 (64.9)
62.5 (64.9)
3.9 (4.0)
7.8 (8.0)

7.8 (8.12)
7.8 (8.12)
62.5 (64.9)
62.5 (64.9)
3.9 (4.0)
7.8 (8.0)

15.6 (16.24)
31.2 (32.4)
125.0 (130.1)
ND

3.9 (4.06)
7.8 (8.12)
62.5 (64.9)
62.5 (64.9)
3.9 (4.0)
3.9 (4.0)

MIC®
MBC”
MIC
MBC

On
Off

MPD1

15.6 (16.0)
31.2 (32.0)
62.5 (64.12)

ND

31.2 (32.0)
250.0 (256.48)

31.2 (32.0)
31.2 (32.0)

31.2 (32.0)
125.0 (128.24)

MIC
MBC
MIC
MBC

On
Off

MPD2

S. epidermidis ATCC 35984 ug mL ™"

(pmol L)

S. epidermidis ATCC 12228 pg mL ™"

(pmol L7Y)

S. aureus ATCC 700698 pg mL™*

(pmol L)

S. aureus ATCC 25923 pg mL ™"

(pmol L)

Red LED

Metal complex
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250.0 (259.6)

ND

On

MPD1

—

—_ [ce)

S
TRTRSITS
AN AN A NN
N O O O n~—on—
2LLLRTOg
qaunnndsag
AN AN
N OO OoOmMm—=naAa

125.0 (129.8)

ND

250.0 (256.48)
62.5 (64.12)

ND

62.5 (64.12)

Off

On
“Minimum inhibitory concentration. > Minimum bactericidal activity. MIC and MBC reported in pg mL™" (or pmol L™"). (ND) not detected even at the highest concentration of 250 pg mL™.

MPD2
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Table 5 In vitro cytotoxicity (ICse, pmol L™) results against MDA-MB-231, A2780, and A549 cancer cells and non-cancerous MRC-5 cells in the
dark (48 h and 72 h of incubation) and upon light irradiation (460 nm, 10 min, 18 mW cm~2, 10.8 J cm~2, and 48 h of incubation). Data are presented
as mean + SD of three independent replicates. Pl = ICso(tumor cellyan)/ICso(tumor celljgny). nd = not determined even at the highest concentration

used

Cytotoxicity, ICs (umol L™

MDA-MB-231 A2780 A549 MRC-5

Dark Light PI Dark Light PI Dark Light PI Dark Light PI
MPD1 >50 >50 — >50 10.62 + 1.10 >4.7 >50 >50 — >50 nd —
MPD2 >50 >50 — >50 >50 — >50 >50 — >50 nd —

activities. The photoactivity index (PI) was calculated as the ratio
of the biological activity in the dark and upon light irradiation
indicating the degree of improvement of the biological activity
after photoirradiation. These antibacterial assays showed a sig-
nificant increase in MIC after irradiation (photoactivity index,
PL of 16 to >32 times), with reasonably low MICs of 16.0 pmol
L' (S. aureus, ATCC 700698) and 4.0 umol L™" (S. epidermidis
ATCC 35984) for both metal complexes after blue light
irradiation. Interestingly, a MIC of 16.0 pmol L' was also
observed for S. epidermidis ATCC 12228 after irradiation with
red light using MPD1 and MPD2. Such results with red light are
quite encouraging considering its deeper penetration into the
skin and use in photodynamic therapy.

Notably, promising results were collected also for a biofilm-
forming strain S. epidermidis (ATCC 35984), which has been
directly associated with an apparent decrease in the efficacy of
antibiotics.®> MPD1 showed activity even in the dark, with MIC
values enhanced 8- and 16-fold when irradiated with red or
blue light, respectively. There were also promising results for
MPD2 with MIC values against the S. aureus strain (ATCC
25923) of 32.0 pmol L™ in the dark, which was enhanced 2-
and 8-fold upon red or blue light irradiation, respectively.
Remarkably, the MBC improved even more by 8- and 32-fold
upon red and blue light irradiation, demonstrating the strong
photoactivity of this compound as well. Staphylococcus aureus
strains have had about 29% of isolates resistant to methicillin,
according to the data available in 2008, while this percentage
increased to 47% by 2014, indicating a difficult current scen-
ario.”® There is a clear need for new and more effective agents
against Staphylococcus aureus in the face of resistance. It is
also suggested that the promising antibacterial activity of
these compounds could be explained by the fact that they
generate ROSs enabling the elimination of bacterial strains.

Cytotoxic activity

In addition to bacteria, the cytotoxic activities of MPD1 and
MPD2 were evaluated in human tumor cell lines MDA-MB-231
(human triple-negative breast adenocarcinoma of mesenchy-
mal phenotype), A549 (human lung alveolar epithelial basal
cell adenocarcinoma), A2780 (human adeno-
carcinoma) and MRC-5 health cells (human lung cells) by the
MTT colorimetric assay. Notably, MPD1 and MPD2 showed no
significant cytotoxicity (ICso > 50 pmol L") under these con-

ovarian

This journal is © The Royal Society of Chemistry 2025

ditions after 48 h and 72 h of incubation. On the other hand,
MPD1 had its cytotoxicity increased in A2780 cells after light
irradiation. A moderate phototoxicity index (PI) was observed
for this compound, revealing its enhanced potency (4.7-fold)
upon blue light irradiation (Table 5).

Ruthenium(u) complexes with phenyl-terpyridine ligands have
been investigated as potential anticancer agents having other
structural ligand vicinities.®””®® A series of these compounds
showed antitumor activity against various cell lines with an ICs,
value of 58.9 pmol L™" + 4.7 for MCF-7 cells and 73.3 pmol L™ +
5.4 for A549 cells with an SI value of 3.16.”° Nonetheless, it is
noteworthy that both of our compounds seemed to exhibit a safe
profile for potential use as antibiotic agents.

Conclusions

Our data were consistent with the formulation of the two pro-
posed ruthenium compounds. Besides that, these compounds
showed the capacity to photogenerate a series of ROSs, includ-
ing superoxide ions. Singlet oxygen was photogenerated with
close quantum yield values of 0.13 and 0.17 for MPD1 and
MPD2, in methanol, respectively. Interestingly, MPD2 was also
able to photogenerate hydroxyl radicals. These compounds
exhibited a hydrophilic behavior with negative log P values
maybe causing their lack of cytotoxicity against mammalian
cells. DNA binding and efficient damage were measured which
may be influencing antibiotic activity suggesting MPD2 as a
better option. Actually, antibacterial assays showed great
activity against Gram-positive bacteria upon blue (MIC and
MBC up to 4 pmol L") and excitingly with red-light irradiation
(MIC and MBC up to 16 pmol L™"). This enhancement upon
light irradiation can be explained by their strong absorption in
the visible region even with a slight shift towards the red
region. Altogether, these compounds have shown promising
antibiotic action even upon red light irradiation opening
further opportunities for investigations.

Experimental section
Chemicals

Acetonitrile, tetra-N-butylammonium perchlorate (PTBA),
2-acetylpyridine, potassium bromide (KBr), p-tolualdehyde,
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benzaldehyde, and ammonium hexafluorophosphate were pur-
chased from Sigma-Merck, and ruthenium(m) chloride was
obtained from Precious Metals Online (Australia). Diethyl
ether, dimethylsulfoxide, sodium hydroxide, and potassium
hydroxide were purchased from Synth, while ethanol, acetone,
methanol, dichloromethane, acetonitrile, ammonium acetate,
and chloroform were obtained from Biograde.

Biological assays employed Tryptic Soy Agar (TSA) pur-
chased from Liofilchem (Italy), Mueller-Hinton Broth (MHB),
Phosphate Buffered Saline (PBS; pH 7.4), and Crystal Violet
(Cv) for the assay of different bacterial strains. Dulbecco’s
Modified Eagle’s Medium (DMEM), bovine fetal serum (FBS),
Roswell Park Memorial Institute 1640 (RPMI 1640) medium
(all were purchased from GE-Hyclone®) and 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) were used
to determine the cytotoxic activity.

Physical measurements

All measurements of the electronic spectra were done with a
Cary 5000 UV-vis-NIR (Agilent), using a quartz cuvette of 1 cm
path length. Fluorescence spectroscopy was performed using a
Quanta-Master QM-40 (PTI) with a quartz cuvette. NMR
spectra were recorded in deuterated solvents as described in
the text using a BRUKER 300 MHz NMR spectrometer.
Electrochemical measurements were done using an Epsilon
potentiostat (Bioanalytical Systems Inc. (BAS)) E2 818 using a
single-compartment glass cell filled with inert atmosphere
(argon)-purged acetonitrile containing a tetra-N-butylammo-
nium perchlorate (0.1 mol L™!) electrolyte solution and
equipped with glassy-carbon working, platinum-wire auxiliary,
and Ag/AgCl pseudo-reference electrodes, at 25 + 0.2 °C. All
potentials described in this study were reported versus Ag/AgCl
electrode, which, under the given experimental conditions,
gave a value of 0.410 V for the ferrocene/ferrocenium couple.”®
High-resolution mass spectral data were recorded using an
Agilent 6545 Q-TOF MS (Agilent Technologies, Santa Clara, CA,
USA), where qualitative analysis of the samples was carried out
using a system equipped with a jet electrospray interface (ESI)
in the positive mode (ESI+), using the following parameters for
ionization: a gas temperature of 350 °C; a gas flow of 10 L
min~"; a nebulizer pressure of 40 psi; a sheath gas temperature
of 325 °C; a sheath gas flow rate of 9 L min~"; and a voltage of
550 V. The metal complexes were analyzed by direct infusion,
having a composition of the mobile phase of 5% H,O (solvent
A, 0.1% formic acid) and 95% ACN (solvent B with 0.1%
formic acid). This mobile phase flow rate was 0.300 mL min "
and the injection volume was 3 pL. Data were recorded in full
MS scan using a range of m/z 50 to 1500 m/z, while data were
processed using Mass Hunter Workstation Software version
B.08.00.

Syntheses

All chelating ligands were prepared as described in the
literature.

The 4’-phenyl-2,2":6',2"-terpyridine (phtpyH) ligand was pre-
pared and characterized as reported elsewhere.”” Yield: 6.45 g
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(69%), 'H NMR 500 MHz, (CDCl,): § 8.53 (m, 4H), 8.46 (dt,
2H), 7.70 (m, 2H), 7.67 (m, 2H), 7.30 (td, 2H), 7.25 (m, 1H),
7.14 (m, 2H). IR: 4(C=C) 1600 cm™". Elemental analysis for
C,1H;5N5-H,0: cale. (exp.)%: C, 81.53 (80.84); H, 4.89 (4.77); N,
13.58 (13.31).

The 4'-(p-tolyl)-2,2":6',2"-terpyridine (phtpyMe) ligand was
prepared and characterized as reported elsewhere.”” Yield:
1.41 g (43%), "H NMR 500 MHz, (CDCl,): 6 8.61 (m, 4H), 8.54
(d, 2H), 7.73 (m, 4H), 7.21 (m, 4H), 2.31 (s, 3H). IR: y(C=C)
1585 cm™'. Elemental analysis for C,,H;;N3-H,0: calc.
(exp.)%: C, 77.63 (65.89); H, 5.33 (5.59); N, 12.34 (12.43).

The 4,5-diazafluoren-9-one (DFO) ligand was prepared and
characterized as reported elsewhere.”® Yield: 1.48 g (43%), 'H
NMR 500 MHz, (CDCl;): & 8.80 (dt, 2H), 8.09 (dd, 2H), 7.51
(ddd, 2H). IR: y(C=0) 1722 cm™'. Elemental analysis for
C11HgN,-H,0: calc. (exp.)%: C, 66.00 (65.89); H, 4.02 (3.49); N,
13.95 (13.99).

The precursor metal complexes with the formulation [Ru
(phtpy-R)(DMSO)(Cl,)] (where R = H or Me = —-CHj;) were syn-
thesized following a similar procedure described for [Ru(tpy)
(DMSO)Cl,].”°

[Ru(phtpyH)(DFO)(C1)](PF¢) (MPD1) or [Ru( phtpyMe)(DFO)
(CD](PF,) (MPD2)

A suspension of [Ru(phtpy-R)(DMSO)Cl,] (100.0 mg,
0.174 mmol) and 4,5-diazafluoren-9-one (50.0 mg,
0.274 mmol) in ethanol (30 mL) was heated and then kept
under reflux and an argon atmosphere for 18 h. After that, the
resulting mixture was rotary evaporated under vacuum to ca.
5 mL, and NH,PF, was added to the remaining mixture. Then,
a dark red solid was collected by filtration and washed with
diethyl ether.

MPD1: Yield: 121 mg (70.9%), "H NMR (Fig. S1 of the ESIL,f
500 MHz, (CD;),S0): & 9.42 (d, 1H, 11*), 9.16 (s, 2H, 4), 8.94 (d,
2H, 5), 8.45 (d, 1H, 9*), 8.32 (d, 2H, 8), 8.11 (d, 1H, 10%), 8.06
(m, 4H, 3 and 6), 7.94 (d, 1H, 11), 7.72 (t, 2H, 7), 7.62 (s, 1H,
1), 7.54 (d, 1H, 9), 7.48 (d, 2H, 2), 7.18 (t, 1H, 10). IR: »(C=0)
1737 em™'. Cs,H,;CIN;ORuPFs. Elemental analysis: calc.
(exp)%: C, 49.72 (49.43); H, 2.74 (2.84); N, 9.06 (9.46).
Conductivity measured in acetonitrile (1 mmol L") is 138.7
Q' ecm® mol™" (1:1). HR-MS: 628.0497 u (theoretical 628.0473
u, [M + H — PFg]").

MPD2: Yield: 55 mg (34.1%), "H NMR (Fig. S3 of the ESL}
300 MHz, (CD;),SO): § 9.42 (d, 1H, 11*), 9.12 (s, 2H, 4), 8.92 (d,
2H, 5), 8.43 (d, 1H, 9*), 8.23 (d, 2H, 8), 8.10 (d, 1H, 10¥), 8.04
(m, 4H, 3 and 6), 7.92 (d, 1H, 11), 7.52 (m, 3H, 7 and 9), 7.47
(t, 2H, 2), 7.17 (t, 1H, 10), 2.48 (s, 3H, 1). IR: y(C=0)
1737 ecm™'. Cs3H,3CIN;ORUPFg. Elemental analysis: calc.
(exp)%: C, 48.16 (47.61); H, 3.31 (3.47); N, 8.51 (8.11).
Conductivity measured in acetonitrile (1 mmol L™) is 161.6
Q" em® mol™" (1:1). HR-MS: 642.0628 u (theoretical 642.0629
u, [M + H — PFg]").

X-ray crystal structure determination

Single-crystal X-ray structure determination. Single crystals
of MPD1 and MPD2 were obtained through the process of slow
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evaporation, where the compound was dissolved in acetone,
placed in a flask containing ethyl ether and left to evaporate at
room temperature. Single crystal X-ray diffraction data (¢ scans
and o scans with x and 0 offsets) were collected using a Bruker
D8 Venture k-geometry diffractometer equipped with a Photon
II CPAD detector and an IpS 3.0 Incoatec Mo Ka (4 = 0.71073 A)
microfocus source. A suitable crystal for the compound was
chosen and mounted on a Kapton fiber with a MiTeGen
MicroMount using immersion oil. The crystals were kept at
300 K (MPD1) and 150 K (MPD2) for data collection using an
Oxford Cryostream system (800 series Cryostream Plus)
attached to the diffractometer. APEX 4 software was used for
unit cell determination and data collection.®>®" The data
reduction and global cell refinement were made using the
Bruker SAINT+ software package,”® and a multi-scan absorp-
tion correction was performed using SADABS.*” Using the
Olex2® interface program in the SHELX suite, the structure
was solved by the intrinsic phasing method implemented in
ShelXT,** allowing the location of most of the non-hydrogen
atoms. The remaining non-hydrogen atoms were located from
difference Fourier maps calculated from successive full-matrix
least-squares refinement cycles on F° with ShelXL®® and
refined using anisotropic displacement parameters. In MPD2,
residual electron densities were observed in solvent-accessible
voids and associated with disordered solvent molecules and
treated with the PLATON/SQUEEZE program.®® The programs
Mercury®” and Platon®® were used to prepare the artwork rep-
resentations for publication. Hydrogen atoms were placed
according to geometrical criteria and treated using the riding
model. The accession numbers for the crystallographic data
reported in this paper are CCDC 2375481 and 2375482.F

DFT calculations. The geometry of all metal complexes was
optimized at the density functional theory (DFT) level.
Calculations were executed using the Gaussian 09 program
package, Revision A.02 (Gaussian, Inc., Wallingford, CT,
USA)®* with the B3LYP functional.’®®* The LANL2DZ relativis-
tic effective core potential basis set®*** was used for the Ru
atom and the 6-311G(d,p) basis set®® was used for the lighter
atoms (C, N, O, Cl, and H). The absence of imaginary frequen-
cies in vibrational analysis calculations confirmed that all opti-
mized structures were in minimum potential energy. The
TD-DFT (time-dependent density functional theory) approach
was employed to investigate the electronic properties of the
metal complexes. The UV-Vis spectra of all compounds were
simulated in water, using the polarizable continuum model
(PCM).*® Molecular orbital composition, UV-vis spectra and
assignment of electronic transitions were extracted from
output files using Multiwfn®” and GaussSum 3.0°® software.

Measurement of reactive oxygen species (ROSs)

Singlet oxygen measurement. The reaction of 'O, with 1,3-
diphenylisobenzofuran (DPBF) was employed to measure the
singlet oxygen quantum yield as monitored using fluo-
rescence.”® In all studies, we used a quartz fluorescence
cuvette containing 2.5 mL of methanol and acetonitrile with
DPBF (20 pmol L™) and MPD1 or MPD2 (20 pmol L™) or a
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standard singlet oxygen photogenerator ([Ru(bpy);]** or
methylene blue (10 pmol L™%)). This cuvette was irradiated
with a blue (Anax 463 nM) (firrag 5.0 S) or red (Amax 631 nm)
(tirraa 120.0 s) LED (all light sources from Basetech Conrand,
20 W) and placed back in the fluorimeter for measurement of
the remaining fluorescence of DPBF (Aexcitation = 410 NM, Apax.
emission = 479 nm). The consumption of DPBF was measured by
the decrease in its fluorescence at 479 nm. The quantum yield
of the singlet oxygen produced (®,) by [Ru(bpy)s]** (@ = 0.84)
and methylene blue (&, = 0.64), in air-saturated acetonitrile
solution, was taken as references for blue and red-light
sources, respectively. These quantum yields were determined
according to the literature,'® and the singlet oxygen quantum
yield was determined using the equation below:

ks ®a(sample) — 6

ke @ (standard) — &

where ks and k.. are obtained from the slope of the kinetic
curves of In(I/I,) versus time of light irradiation of the sample
and the reference compound. I and I, are the intensities of the
maximum emission of DPBF at various times and at time zero,
respectively. Since DPBF undergoes some spontaneous photo-
degradation upon light irradiation in the blue region or more
energetic regions,'®" this effect was corrected by adding the &
factor, which is the angular coefficient of the kinetic curve of
the DPBF compound in the absence of photosensitizer
compounds.

In addition, Singlet Oxygen Sensor Green (SOSG, Thermo
Fisher Scientific) (4ex. = 490 nm) was used as a highly selective
probe, also in aqueous media. All measurements were per-
formed in methanol as the preferred solvent and also in water,
although the latter suppresses probe luminescence upon reac-
tion with '0,, whereas acetonitrile has been shown to acceler-
ate photodissociation.>® The increase in the emission band at
528 nm was monitored and used for calculations. A quartz
cuvette containing 1000 pL of the metal complexes (10 pmol
L") or a standard singlet oxygen photogenerator ([Ru(bpy);]**)
(10 pmol L") in methanol was irradiated with a blue LED (at
463 nm, 20 W) (timej;.q 5.0 s) in the presence of SOSG (1 pmol
L™"). Additionally, a cuvette containing only SOSG in methanol
was exposed to light, and its emission spectra were monitored
as a negative control. Plots of emission intensity changes
versus time of light exposure were fitted to a linear regression
and the slope was calculated. The singlet oxygen quantum
yield (@,) of the [Ru(bpy);]** complex in methanol, previously
reported as 0.87,'°> was used as a reference for our relative
quantum yield measurements. The quantum yield of singlet
oxygen was determined using the same equation as previously
described for DPBF.

Hydroxyl radical measurement. Aminophenyl fluorescein
(APF, Thermo Fisher Scientific) was used to measure the
photogeneration of the hydroxyl radical (HO") by monitoring
the increase in the emission band at 515 nm. A quartz cuvette
containing 1000 pL of the metal complexes (10 pmol L") in
0.1 mol L™" phosphate buffer (pH 7.4) was irradiated with blue
LED light (at 463 nm, 20 W) in the presence of APF (5 pmol
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L™"). To further validate this reaction, an additional control
was prepared including 10 mmol L™" p-mannitol as a hydroxyl
radical scavenger. These data were similarly analyzed as earlier
described for singlet oxygen.

Superoxide radical measurement. The capacity of the metal
complexes, MPD1 and MPD2, to generate superoxide anions
was evaluated using the nitroblue tetrazolium (NBT) assay.®®
These experiments were carried out in phosphate buffer
0.1 mol L™, pH 7.4 at 25 °C. All electronic spectra were moni-
tored for 70 minutes and recorded every 4 minutes, while
these data were fit to a first-order kinetic equation. Superoxide
production was monitored by changes in the absorbance at
590 nm,®! which is an electronic band characteristic of forma-
zan originating from the reaction of NBT with O, . All
measurements were set up using 100 pmol L™" NBT and 10 to
60 pmol L' metal complexes with and without the biological
reducing agent glutathione (1.5 mmol L"), which were also
done in the dark or upon blue light irradiation. Controls were
performed in the absence of the metal complexes or gluta-
thione, and also with the addition of the enzyme superoxide
dismutase (SOD, 4 U mL™"), as well as in the presence and
absence of light (blue).

Thermal and photochemical stability measurements

The stability of MPD1 and MPD2 at 25 pmol L™ was investi-
gated by monitoring this mixture in the dark. Electronic spectra
of each sample were recorded in the UV-vis range in a 1 cm
quartz cuvette containing 2 mL of solution. This monitoring
was performed over a period of 2 hours (in acetonitrile, DMSO,
0.1 mol L™" Tris-HCI buffer of pH 7.4 or methanol) and also
over a period of 24 hours in 0.1 mol L™ Tris-HCl buffer of pH
7.4. In addition, spectroscopic monitoring of the metal com-
plexes was carried out upon irradiation with a blue LED (Aax =
453 nm) in 0.1 mol L™" Tris-HCI buffer of pH 7.4 for 2 hours.

Partition coefficients

This partition property was measured by following the well-
established shake-flask method'®® in a non-miscible n-octanol/
water mixture. The concentrations of the metal complexes (ca.
25 pmol L™, in 0.50% DMSO/water) were initially measured in
water using a UV-Vis spectrophotometer and later mixed with
an equal volume of n-octanol. This suspension was stirred for
24 hours in the dark at 25 °C, and then it was centrifuged for
5 minutes to achieve better phase separation. The aqueous
layer was collected, and its electronic spectrum was obtained.
A similar measurement was conducted for log D, 4, but with
the aqueous solution being PBS buffer at pH 7.4. Then, the
concentration of these metal complexes in water was calcu-
lated using standard curves (Abs vs. concentration), where the
concentration in the n-octanol layer was calculated by the
difference of the concentration found in the aqueous layer and
expressed as log P and log D below.

p— [Ru](octanol) and D, , = [Ru](octanol)
[Ru] (Water) [Ru} (PBS)
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where [Ru]octanor 1S the concentration of the ruthenium
complex in n-octanol, and [Ru]yater and [Ru]octanol are aqueous
layers, after 24 h of shaking, as measured by UV-vis spec-
troscopy. These measurements were done at least twice.

Binding and photocleavage of DNA

DNA binding using electronic spectroscopy. All DNA
binding measurements were performed with 10 pmol L™*
MPD1 or MPD2 in a conventional quartz cuvette containing
10 mmol L™ Tris HCI buffer of pH 7.4. After each incremental
addition of calf thymus DNA (10 pmol L' in base pairs), a
5-minute waiting time was implemented immediately before
measurement by UV-Vis electron spectroscopy. The maximum
volume of DNA solution added into the cuvette was carefully
controlled to avoid significant dilution, which was always kept
below 5% of the initial volume. A time course investigation
was carried out previously showing that a much longer incu-
bation time (2 to 3 h) did not show differences.

DNA binding using circular dichroism. To monitor the inter-
action of the metal compounds with calf or salmon DNA, cir-
cular dichroism (CD) spectroscopy was employed at 25 °C.
These measurements were carried out in a solution of
10 mmol L™ Tris HCI buffer of pH 7.4 in the presence of the
compounds at increasing concentrations (5, 10, 20, 30 and
40 pmol L") having a steady concentration of 100 umol L™
DNA. The spectra were recorded from 200 to 350 nm using a
Jasco-815 instrument (Jasco) with a quartz cuvette of 1 cm
path length. The data density was set to 1 nm, the scanning
speed to 100 nm min~", and each measurement was the result
of 5 accumulated spectra. This DNA-complex equilibrium was
allowed to reach 60 min before starting the measurements.

DNA cleavage assay. This assay was carried out using
plasmid pUC19 in 10 mmol L™" Tris HCI buffer of pH 7.4,
along with MPD1 or MPD2, while [Ru(bpy);]** was employed
as a standard reagent. MPD1 or MPD2 was mixed with DNA at
increasing concentrations (5, 10, 20, 30, 40 and 60 pmol L™%),
and incubated for 60 min at 25 °C, either in the dark or upon
light irradiation (blue LED, dem max = 463 nm, 1.7 W, Basetech
Conrand) or redox stimulus (glutathione, 5 mmol L™"). Then,
all samples were applied in an agarose gel (0.8%), stained with
Gel Red (1 pg m L™ for 2 h), and the data were documented
using a Gel Doc XR+ System (Bio-Rad), including a linear DNA
ladder (1 kb, NEB) as one lane, and run in the TAE buffer, pH
8.0, by electrophoresis.

Size-exclusion assay. The size-exclusion assay was carried
out by mixing 100 pmol L™" salmon DNA with 200 pmol L™
metal complexes in 10 mM Tris buffer, pH 7.4. Eluted samples
consisting of excluded molecules were analyzed by UV-Vis elec-
tronic spectroscopy. Six samples were prepared containing (A)
only the metal complex, (B) the metal complex with DNA (incu-
bated for 1 h in the dark), (C) the metal complex with DNA
(incubated for 4 h in the dark), (D) the metal complex with
DNA (irradiated with blue light for 1 hour), (E) only DNA (incu-
bated for 1 h), and (F) only DNA (incubated for 4 h). These
samples were applied onto a Bio-Spin® P30 exclusion column
(Bio-Rad) following the protocol described by the manufac-
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turer. The Biospin P30 column (Bio-Rad) was previously pre-
pared by performing the buffer exchange procedure and equili-
brating the column with 10 mM Tris HCI buffer, pH 7.4, as
described by the manufacturer. Then, 70 pL of each sample
was applied onto the Biospin P30 column (Bio-Rad) and centri-
fuged at 1000g for 4 minutes. Excluded samples were collected
in a microcentrifuge tube and electronic spectra were recorded
after dilution to a final equal volume of 140 pL in Tris buffer.

Antibacterial measurements

Microorganisms and culture conditions. In this study, four
bacterial strains were used: Staphylococcus aureus ATCC 25923
and ATCC 700698, Staphylococcus epidermidis ATCC 35984 and
ATCC 12228, Pseudomonas aeruginosa ATCC 10145 and
Escherichia coli ATCC 11303, all from the American Type
Culture Collection (ATCC). All strains were inoculated in TSA
plates and incubated for 24 h at 37 °C and then individual
colonies were subcultured in 5 mL of MHB (Mueller-Hinton
Broth) and incubated for 18-24 h at 37 °C. Briefly, the bacterial
culture was adjusted to a final concentration of 10° colony-
forming units (cfu) per mL.

Antibacterial assay. The bacterial susceptibility to ruthenium
complexes was measured using minimal inhibitory concen-
tration (MIC) and minimum bactericidal concentration (MBC)
assays. MIC and MBC values were determined by the microdi-
lution method using 96-well microtiter plates according to the
Clinical and Laboratory Standards Institute. Bacterial suspen-
sions previously adjusted to 10° cfu mL™" were added into the
96-well plates and then MPD1 and MPD2 at concentrations
ranging from 3.9 to 250.0 pg mL™" diluted in MHB containing
2% DMSO were added to the wells. The plates were subjected
to irradiation with a 96-array of blue LEDs for 1 h (8 mW cm™?)
or kept in the dark and then incubated at 37 °C for 24 h. After
visualization of the plates, MIC values correspond to the com-
pound concentration at which there is no visible growth. For
MBC determination, 10 pL of aliquot from each well without
visible growth was inoculated into TSA plates and incubated at
37 °C for 24 h. MBC was considered the lowest ruthenium
complex concentration at which no colony growth was
observed. The antimicrobial assays were performed in tripli-
cate in three independent experiments.

Cytotoxicity measurements

Cell culture. The cells of the MDA-MB-231 (human triple-
negative breast adenocarcinoma of mesenchymal phenotype,
ATCC HTB-26), A549 (human lung alveolar epithelial basal cell
adenocarcinoma, ATCC CCL-185) and MRC-5 (human non-
tumorous lung, ATCC CCL-171) lines were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented
with 10% fetal bovine serum (FBS). The A2780 cell line
(human ovarian adenocarcinoma) was grown in RPMI
1640 medium (Roswell Park Memorial Institute), sup-
plemented with 10% fetal bovine serum (FBS). The cell lines
were kept in a humidified incubator under a CO, atmosphere
(5%) at 37 °C.
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Determination of cytotoxic activity. The cytotoxicity of the
compounds was determined using the MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric
method.' Initially, the cells were trypsinized to count and
adjust the cell concentration, and then seeded in 96-well
culture plates (1.5 x 10* per well, 150 uL) and subsequently
incubated at 37 °C under 5% CO, for 24 h. After this period,
the compounds were added at different concentrations (0.012
to 50 pmol L™"), containing a final concentration of 0.5%
DMSO, and the plates were kept in an incubator for a further
48 h and 72 h. After this period, 50 pL of MTT (1.0 mg mL ™" in
PBS) was added to each well, which was then incubated in the
incubator for a period of 3 h.

For the irradiation experiments, the 96-well plates were
initially seeded and incubated for 24 h. The compounds were
added and the plates were kept in the incubator for a further
24 h (37 °C and 5% CO,). The culture medium was replaced
with fresh medium without phenol red, and the plates were
irradiated for 10 min and kept in the incubator for a further
24 h (liraq = 460-465 nm, 18 mW cm™2, 10.8 J cm™2). After this
period, 50 pL of MTT (1.0 mg mL ™" in PBS) was added to each
well, and the plates were incubated for a period of 3 h. In both
experiments, the formazan crystals formed were solubilized by
adding 150 pL of DMSO, and the absorbance was recorded at
540 nm using a Synergy/H1-Biotek spectrophotometer/fluori-
meter. The negative control cells were also cultivated with a
medium containing 0.5% DMSO. The ICs, values were calcu-
lated using GraphPad Prism 8 software.
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