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Introduction

Nanoscale ruthenium(i) complexes with bioactive
ligands: structural, colloidal, and dual
antimicrobial—cytotoxic investigations¥

Olga Impert,*® Natalia Czerniecka,” Natalia Balinska, = @ Barbara Kubiak, (= 2

Anna Kozakiewicz-Piekarz,? Oleksandra Pryshchepa,® Pawet Pomastowski,”
Michalina Ehlert,® Maciej Witwicki, © ¢ Yogeswara Rao Pateda, )¢ Erik Rakovsky,®
Anna Katafias (@ and Rudi van Eldik (=) *¢

This study comprehensively analyses two new ruthenium(in) complexes, [Ru"Cly(Nic),] “[(CHxz)>NH,] *DMF,
1, and [Ru"'Cl,(3-HPA),][3-HH,PA]*(EtOH),, 2, (where Nic = nicotinic acid (vitamin B3), 3-HPA = anion of
a 3-hydroxypicolinic acid), as potential antimicrobial agents, highlighting their physicochemical pro-
perties, nanoparticle formation, and cytotoxic activity. The complexes were fully characterised by a single
crystal X-ray diffraction technique, Fourier-transform infrared, energy-dispersive X-ray, and electron para-
magnetic resonance spectroscopies. The synthesis of micro- and nanoparticles (NPs) of these complexes
was performed using the liquid anti-solvent crystallisation method. The formation of NPs was confirmed,
and their sizes were determined using scanning electron microscopy and dynamic light scattering tech-
niques. The Debye-Scherrer technique, based on powder diffraction X-ray data, indicated the high crys-
tallinity of the nanomaterials. Toxicity and morphological effects on L929 fibroblasts, hepatocellular carci-
noma (Hep-G2) and human epithelial colorectal adenocarcinoma (Caco-2) cell lines of the complexes
were assessed using the MTT assay and an inverted phase-contrast microscope, respectively. Complex 1
is a promising anti-cancer drug candidate targeting intestinal cancers, showing cytotoxicity against Caco-
2 cancer cells and no cytotoxicity against L929 fibroblast cells, while complex 2 is markedly cytotoxic.
The antibacterial activity of the complexes was assessed against methicillin-resistant Staphylococcus
aureus (MRSA) and Klebsiella pneumoniae strains using the minimum inhibitory concentration (MIC)
method. Complex 2 demonstrates superior bactericidal properties, achieving MIC values as low as 125 pg
ml=* for S. aureus, while complex 1 exhibits lower antimicrobial efficacy. The role of ligand composition in
modulating bioactivity was examined.

used drugs ineffective. Consequently, the spread of antibiotic-
resistant bacteria, both Gram-positive and Gram-negative, is of

One of the most pressing global health challenges today is the
rise of antibiotic-resistant bacterial strains. The common over-
and misuse of conventional antibiotics have led to an alarming
increase in bacterial resistance, rendering many commonly

“Faculty of Chemistry, Nicolaus Copernicus University in Torun, Gagarina 7,

87-100 Torun, Poland. E-mail: oimpert@umk.pl, rudi.vaneldik@umk.pl

bCentre for Modern Interdisciplinary Technologies, Nicolaus Copernicus University in
Toruti, Wileriska 4, 87-100 Torun, Poland

‘Department of Chemistry and Pharmacy, University of Erlangen-Nuremberg,
Egerlandstrasse 1, 91058 Erlangen, Germany

dFaculty of Chemistry, University of Wroclaw, Joliot-Curie 14, 50-383 Wroclaw,
Poland

“Comenius University in Bratislava, Faculty of Natural Sciences,

Department of Inorganic Chemistry, Ilkovicova 6, 845 15 Bratislava, Slovakia

FThis work is to honour Professor Dr Rudi van Eldik on the occasion of his 80th
birthday.

14304 | Dalton Trans., 2025, 54, 14304-14321

great concern worldwide. A significant threat to human health
poses Gram-positive methicillin-resistant Staphylococcus aureus
(MRSA), responsible for difficult-to-treat hospital- and commu-
nity-acquired infections, especially strains resistant to vanco-
mycin, linezolid and daptomycin.' A very concerning form of
antimicrobial resistance is carbapenemase-mediated resis-
tance to carbapenems, one of the most recently developed
B-lactam antibiotics, often known as a last-resort treatment for
severe bacterial infections.” The worldwide spread of carbape-
nemase-producing Gram-negative bacteria, such as Klebsiella
pneumoniae, an important pathogen in nosocomial infections,
is another therapeutic challenge. This crisis necessitates
urgently exploring alternative therapeutic strategies to over-
come resistance mechanisms and effectively target pathogenic
microorganisms. The search for antibacterial agents includes
metal ions, transition metal-based complex nanoparticles,
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metal complexes with antimicrobial activity, and catalytic
metallodrugs.®> They constitute a large and insufficiently
studied group of compounds that may create a much-needed
new class of antibacterials.

Transition metal-based complexes have been explored for
their antimicrobial properties, including copper, gallium, zinc,
manganese, silver, gold, and ruthenium. Their mode of action
differs from that of organic-based drugs. When coordinated
with bioactive ligands, these metal ions exhibit enhanced anti-
microbial activity due to their ability to interfere with bacterial
metabolism, disrupt membrane integrity, and generate reac-
tive oxygen species (ROS), leading to bacterial cell death.*
Among the transition metal complexes, ruthenium-based com-
pounds have garnered significant attention in medicinal
chemistry due to their diverse oxidation states (u, m, 1) and
ability to interact with biological molecules in a highly selec-
tive manner. Their favourable ligand exchange kinetics,
capacity to mimic iron in biological systems, and ability to par-
ticipate in redox reactions under physiological conditions
make them promising candidates for therapeutic applications,
including antimicrobial treatments. Ruthenium complexes
have demonstrated potent cytotoxic activity through multiple
pathways, including extracellular protein binding, passive and
active cellular transport, DNA intercalation, and covalent
modifications at extracellular binding sites, leading to confor-
mational changes in bacterial biomolecules.”*' These pro-
perties position ruthenium complexes not only as alternative
anti-tumour drugs but also as a strong contender in develop-
ing next-generation antimicrobial agents. Although their cyto-
toxic activity and cellular localisation in eukaryotic cells have
been intensively studied over the past few decades, the
thorough investigation of the antimicrobial properties of
ruthenium complexes has been undertaken much more
recently. It is still in its early stages, despite the observation of
Dwyer et al. that bacteria did not readily develop resistance to
ruthenium complexes containing methyl substituents of phe-
nanthroline ligands."” Aldrich-Wright and co-workers reported
that mononuclear polypyridyl ruthenium(u) complexes, which
could bind DNA, showed significant bactericidal activity
against B. subtilis and S. aureus strains, including several
methicillin-resistant strains. Some complexes even showed
MIC values as low as 2 pg ml™" against Gram-positive strains.*?
Lam et al. recently showed good activity of bis(2,2"-bipyridine)-
ruthenium(u) complexes containing an N-phenyl-substituted
diazafluorene ligand against MRSA (6.25 pg ml™"), bis(2,2"-
bipyridine)-ruthenium(u) complexes containing an N-phenyl-
substituted diazafluorene ligand.'* Satyanarayana et al. also
found that a series of mononuclear ruthenium complexes con-
taining derivatives of the dipyridophenazine or 2-phenyl-
imidazo-1,10-phenanthroline  ligands showed moderate
activity."* Considering the above, research on new antibacterial
agents, including those based on ruthenium, has become
urgent. We herein report the design and syntheses of two com-
plexes: [Ru™Cl,(Nic),] [(CH;3),NH,]'DMF, 1, and [Ru™'Cl,(3-
HPA),] [3-HH,PA]'(EtOH),, 2, and their antibacterial activity
against Klebsiella pneumoniae and Staphylococcus aureus
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strains. We also prepared nanoparticles of these complexes
using the liquid antisolvent crystallisation (LASC) method. It is
known that nanoparticles, due to their small size and large
surface area, can attach to the cell wall of bacteria and cause
cell death.’>?° The latest endeavour is a foray into nano-
particle-based antibiotic research to address the limitations of
current antibacterial drugs.

Experimental
Materials and methods

All chemicals were of analytical reagent grade and used
without further purification. Ruthenium(ui) chloride, nicotinic
acid, and 3-hydroxypicolinic acid were purchased from Sigma-
Aldrich. Acetone, n-hexane, toluene, DMF, nitrobenzene,
ethanol, chloroform, acetonitrile, ethyl acetate, diethyl ether,
isopropyl alcohol, isobutyl alcohol, cyclohexane, and methanol
were purchased from Avantor Performance Materials Poland.
Hydrogen peroxide solutions were prepared by diluting a 30%
solution (Avantor Performance Materials Poland S.A.).

[Ru™Cl,(Nic),] [(CH;),NH,] 'DMF, 1. 7 mmol of ruthenium
(1) chloride and 60 ml of anhydrous ethyl alcohol were heated
under reflux for 3 hours. The solution was filtered while hot.
14 mmol of nicotinic acid was added, and heating continued
for 7 hours until the colour changed from green to brown, and
a yellow precipitate formed. The resulting hot mixture was fil-
tered, and the residue was washed 3 times with anhydrous
ethanol and recrystallised from a mixture of DMF and nitro-
benzene (2:1). Brown crystals of 1 were obtained. Elemental
Anal. Calc. for C,oH;,Cl,N5OgRuy: C, 35.24%; N, 10.28%; H,
4.73%. Found: C, 35.35%; N, 10.20%; H, 4.69%.

[Ru™Cl,(3-HPA),] [3-HH,PA]"(EtOH),, 2. 2.4 mmol of ruthe-
nium(m) chloride in 30 ml of anhydrous ethyl alcohol was
heated for 3 hours under reflux (green colour of the solution),
then filtered while hot. 12.6 mmol of 3-hydroxypicolinic acid
was added, and heating continued for 1 hour (yellow-brown
solution). The mixture was filtered while hot, and the precipi-
tate was recrystallised from 96% ethanol and water (1:1). The
Yellow crystals of 2 were obtained. Elemental Anal. Cale. for
CuyHy6ClLN;04,Ru;: C, 38.84%; N, 6.18%; H, 3.85%. Found: C,
38.80%; N, 6.05%; H, 3.73%.

Preparation of nanoparticles

The nanoparticles (NPs) of 1 and 2 were prepared using the fol-
lowing method. 100 mg of 1 or 2 were added to 80 mL of anhy-
drous ethanol and mixed. After 12 hours, the remaining undis-
solved species was filtered off. 10 mL of ethanolic complex
solution was added dropwise to 50 mL of cyclohexane or
n-hexane (Tables S1 and S2) and stirred (700 rpm) for
10 minutes to produce NPs of the metal complex. The pro-
cedure was repeated with stirring for 15, 30, or 60 minutes,
and the samples of the NPs so obtained are referred to as
[complex]sir-10, [complex]s;y.1s, [complex]str-30 and
[complex]sir.60, Tespectively. A similar procedure was applied,
using sonication instead of stirring. The corresponding
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samples are referred to as [complex]son-10, [cOMPleX]son-15,
[complex]son-30 and [complex]son-so-

X-ray crystallography

The X-ray diffraction data for orange needle-shaped crystals of
[Ru"'Cl4(Nic),] [(CH;),NH,]'DMF, 1, and yellow plate-shaped
crystals of [Ru™Cl,(3-HPA),] [3-HH,PA]"(EtOH),, 2, were col-
lected at 100 K with XtaLAB Synergy-S diffractometer using
CuKa radiation (4 = 1.54184 A). The data reduction was per-
formed in CrysAlisPro for the studied complexes, and the
analytical absorption correction was applied (CrysAlis version
1.171.43.120a package of programs).>' The compounds’ struc-
tures were solved using direct methods and refined with a full-
matrix least-squares procedure on F° (SHELX2018 program
packages).”> Table 1 summarises the data collection and
refinement processes. The structural data have been deposited
at the Cambridge Crystallographic Data Centre: (CCDC no.
2401926 for [Ru™Cl,(Nic),] [(CH;),NH,]'DMF and 2401927 for
[Ru™Cl,(3-HPA),] [3-HH,PA]"(EtOH),).

The XRD analysis of the NPs of
[Ru"'Cl4(Nic),] [(CH;),NH,] ' DMF, 1, and [Ru'"'Cl,(3-HPA),][3-

Table 1 Crystal data and structure refinement parameters for

[Ru"Cl4(Nic)o [(CH3),NHLI*DMF, 1, and  [Ru™Cly(3-HPA),][3-

HH,PAI*(EtOH),, 2

Identification code 1 2

CCDC 2401926 2401927

Empirical formula Cy,H,6Cl,N;0,1Ru;  Cy0H3,Cl,N506RUy

Formula weight. g mol™"  680.43 681.37

Crystal size. mm 0.151 x 0.084 x 0.190 x 0.070 x
0.019 0.030

Crystal system Triclinic Monoclinic

Space group P1 C2/c

a. A 8.7433(3) 32.3494(6)

b. A 12.1709(3) 6.98030(10)

c. A 13.4239(4) 15.8129(3)

a.° 95.958(2) 90

p.o 100.870(3) 126.725(3)

y.° 104.916(2) 90

Volume. A® 1338.01(7) 2861.96(12)

zZ 2 4

Density (calc.). g cm™ 1.689 1.581

Absorption coefficient. 7.151 8.242

mm™’

F(000) 690 1388

O range. ° 3.397 to 78.040 3.409 to 78.010

Reflections 15 839/5377 10750/2914

collected/unique [R(int) = 0.0412] [R(int) = 0.0238]

Index ranges hkl -11<h <10, —-40 < h <32,
-13 <k <15, -8<k<s,
-16 <1<16 -20<1<19

Restraints/parameters 2/355 0/169

Goodness of fit on F* 1.065 1.075

Final R indices [I > 26(I)] Ry =0.0363, R, =0.0203,
WR, = 0.1004 WR, = 0.0557

R indices (all data) R; =0.0420, R, =0.0210,
WR, = 0.1024 WR, = 0.0560

Max electron 1.297 0.380

density/e A~

Min electron -1.105 —0523

density/e A~
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HH,PA]"(EtOH),, 2, complexes has been examined by the
PANalytical X’Pert PRO MPD diffractometer with the generator
parameters 30 mA, 40 kV, Cu used as anode material and
K-alpha = 1.5406 A. The sample was placed on a zero-back-
ground silicon flat plate holder. The measurement was carried
out in Bragg-Brentano geometry (flat plate reflection) with
fixed slit sizes. A graphite crystal X-ray monochromator
(oriented with the 002 plane) was used on the diffracted beam
to remove Kp radiation. The diffractograms were recorded from
0 to 60° (Fig. 1). The average crystallite size of the prepared
nanoparticles was determined by using Debye Scherrer’s (DS)
formula, Cg = KA/f Cos 0, where Cg is the crystallite size, k is
Scherer constant (0.9), 4 is the XRD wavelength (1.5406 A), 0 is
the Bragg diffraction peak (in radian), and g is the full width at
half maximum (FWHM). The crystallite size was also deter-
mined by using the Williamson-Hall plot (W-H), by plotting
fcos 0 versus 4 sin 0 for all peaks (where f is in degrees and g
is in rad) and fitting the best line gives a slope of 4¢ and an
intercept of KA/D. The dislocation density and crystallite size of
the prepared nanoparticles are related as § = 1/D? and the
lattice strain is given as ¢ = (f cot 0)/4.

IR spectra were recorded with a Bruker-Optics Vertex 70v
FTIR spectrometer with ATR optics (diamond crystal) in the
4000-30 cm™" range.

HR-SEM was applied for the material surface imaging by
using a Quanta field-emission scanning electron microscope,
Quanta 3D FEG (FEI, Netherlands).

SEM/EDX was used to analyse the chemical composition of
the NPs by applying a scanning electron microscope 1430 VP
(LEO Electron Microscopy Ltd, England 2001) coupled with an
energy dispersive X-ray spectrometer Quantax 200 with XFlash
4010 detector (Bruker AXS, Germany 2008).

DLS was used to determine the size distribution profile of
nanoparticles in a suspension of 0.1 mg in 2 ml of toluene (in
a quartz cuvette) mixed on the vortex (Vortex Genie 2; IKA®

. (1 )Str-30
‘ (Z)Str-1 5

Intensity (a.u.)

T T T
10 20 30 40 50

2 theta (degree)

Fig.1 X-ray powder diffraction
[RU"'Cly(Nic)21"[(CH3),NH,]* DMFsy,-30
HH,PA]* (EtOH),str-15.

patterns of nanoparticles of
and  [RU"'CL(3-HPA),I=  [3-

This journal is © The Royal Society of Chemistry 2025
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Poland). Zetasizer Nano Series (Malvern Instruments, UK) was
used for the measurements. Zeta potential measurements were
not performed because the antisolvent used (cyclohexane) dis-
solves cuvettes adapted for this type of measurement.

DLS and zeta potential measurements were also performed
to determine the size distribution and zeta potential of control
solutions (MHB, DMEM, distilled water) and ruthenium com-
plexes, using a Zetasizer NanoSeries (Malvern Instruments,
Malvern, UK). Measurements were performed immediately
after the addition of ruthenium complexes to bacterial growth
medium (MHB), cell culture medium (DMEM), or distilled
water, and again after 24 hours (for MHB and distilled water)
or 48 hours (for DMEM) of incubation at 37 °C. The final con-
centrations of ruthenium complexes and the incubation times
precisely mirrored the conditions employed in the biological
assays. Dynamic Light Scattering (DLS) was utilised to analyse
the size distribution. The zeta potential ({) was calculated
based on the Smoluchowski equation. All measurements were
carried out in triplicate for each sample. UV cuvettes were used
for size determination, while folded capillary cells were
employed for zeta potential measurements.

EPR experiments were performed using a Bruker Elexsys
E500 spectrometer operating at 9.6 (X-band) frequency. The
spectrometer was equipped with an NMR teslameter (ER
036TM) and a frequency counter (HP 5342 A). Spectra were
recorded at 77 K for solutions (10 mg in 1 ml of methanol/
ethylene glycol mixture, volume ratio 2:1) at 77 K (X-band).
The modulation field amplitude and frequency were set to
10.0 mT and 100 kHz, respectively. Microwave power was main-
tained at 20 mW. All simulations of EPR spectra were carried
out using EasySpin 6.>*>* Resonator backgrounds were care-
fully subtracted from the spectra.

DFT calculations were performed using the ORCA 5 suite of
programs.”>?” Scalar relativistic effects were accounted for
using the zeroth-order regular approximation (ZORA) with the
model potential approximation proposed by van Wiillen.?® The
SARC-ZORA-TZVP basis set was employed for ruthenium,
while the ZORA-def2-TZVP basis set (def2-TZVP re-contracted
for ZORA by D. A. Pantazis) was used for all remaining
atoms.”**' The resolution of identity (RI) approximation was
applied®*** with the corresponding auxiliary basis sets**>* to
enhance computational efficiency. The structures of the
[Ru™Cl4(Nic),]” and [Ru™Cl,(3-HPA),]” anions for the calcu-
lations were taken from X-ray diffraction experiments, but all
hydrogen atom positions were optimised using the TPSS func-
tional.*® g Tensor calculations at the DFT level were carried out
using the coupled perturbed approach®®*” with hybrid and
meta-hybrid functionals: PBE0,*® Becke’s half-and-half func-
tional (BHandHLYP),*® TPSSh®® and TPSS0.***' The PBEO and
TPSSO functionals were also tested, and the Hartree-Fock
exchange increased to 50% (labelled PBE0-50 and TPSS0-50,
respectively). All calculations employed an accurate integration
grid (DefGrid2) and tight SCF convergence criteria (TightSCF).
All visualisations were done using Gabedit.*?

Cell culture. Hepatocellular carcinoma Hep-G2 cells were
obtained from the European Collection of Authenticated Cell

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Cultures (Sigma Aldrich). L929 murine fibroblast cells and
human epithelial colorectal adenocarcinoma Caco-2 cells were
purchased from the American Type Culture Collection. All cell
lines were cultured at 37 °C in 5% CO, and 95% humidity in
Dulbecco’s modified Eagle’s medium (DMEM High Glucose;
Biowest) supplemented with 10% fetal bovine serum
(Biological Industries) and 1% penicillin/streptomycin
(Capricorn Scientific GmbH). Cells were passaged upon reach-
ing approximately 70% confluence using 0.05% trypsin-EDTA
solution (Capricorn Scientific GmbH).

Cell viability. The cytotoxic effects of ruthenium complexes
[Ru™Cl4(Nic),] [(CH3),NH,] 'DMF, 1, and [Ru™Cl,(3-HPA),] [3-
HH,PA]"(EtOH),, 2, on cells were assessed using the MTT (3-
(4,5-dimethylthiazolyl)-2,5-diphenyl-tetrazolium bromide;
Thermo Fisher Scientific) assay. Briefly, 5 x 10° 1929 fibro-
blasts, 5 x 10°> Hep-G2, 4 x 10°> Caco-2 cells were seeded into
96-well plates (Jet Biofil) in 100 pl supplemented DMEM and
pre-incubated for 24 h at 37 °C. Then, cells were treated with
ruthenium complexes at concentrations of 0.025, 0.05, 0.1,
and 0.5 mg ml™", prepared in DMSO and filtered through
0.22 pm polyamide filters. Equal volumes of DMSO were
added to control wells. After 48 h incubation, the medium was
removed, and 100 pl of MTT solution (0.5 mg ml™") was added
to each well. Plates were incubated for three hours at 37 °C.
After aspirating the MTT solution, 50 pl of DMSO (100% v/v)
was added to dissolve the resulting formazan crystals.
Absorbance was measured at 570 nm with a reference at
630 nm using a Varioscan™ LUX Multimode Microplate
Reader. Cell viability was expressed as a percentage relative to
untreated controls. Each experiment was performed in five
independent replicates. Cell morphology and confluence after
48 hours of treatment were assessed using an inverted phase-
contrast microscope (Olympus EP50). Data are presented as
mean + SEM. Statistical significance was evaluated using one-
way ANOVA followed by Tukey’s post-hoc test, performed with
GraphPad Prism version 8.0.2 (La Jolla, CA, USA). The signifi-
cance was indicated as follows: * p < 0.05; ** p < 0.01; *** p <
0.001. For data where cell viability values exceeded the control,
the ‘4 symbol was used instead of *’ to indicate statistical
significance.

Determination of the minimum inhibitory concentration
(MIC). The antibacterial studies were performed using the
broth microdilution method. The complex 1 or 2 solution was
prepared in DMSO, so the concentration was 10 mg ml™". This
solution was filtered through a polyamide filter with pores of
0.22 um. Then, a series of dilutions was prepared by successive
two-fold dilutions with DMSO filtered through a 0.22 um filter.
The concentrations of the complex solutions used in the study
were equal to 10 mg ml™", 5 mg ml™", 2.5 mg ml™", 1.25 mg
ml™ and 0.625 mg ml™". The study used a 100-fold diluted 0.5
McFarland bacterial suspension (bacterial working suspen-
sion), prepared in sterile Muller-Hinton Broth (MHB) from
24 h bacterial cultures. 190 pl of bacterial working suspension
was added to separate wells of a sterile 96-well plate with a
U-shape bottom and supplemented with 10 pl of the tested
complex solutions. Thus, the final concentrations of the

Dalton Trans., 2025, 54,14304-14321 | 14307
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Fig. 2 (A) The structure of [Ru"'Cl4(Nic),I"[(CH3).NH,I*DMF (the thermal ellipsoids plotted at 30% probability) shows intermolecular hydrogen
bonding interactions (dashed line). (B) Crystal packing along the c-axis. The hydrogen atoms were omitted for clarity.

studied complexes were 0.5 mg ml™, 0.25 mg ml™", 0.125 mg
ml™, 0.0625 mg ml™", and 0.0312 mg ml~". The positive
control contained a bacterial suspension and was sup-
plemented with 10 pl of sterile DMSO (0 mg ml™" of complex
solution). For the negative control, a sterile medium was used
instead of a bacterial suspension while maintaining the con-
centration of the complex for each of the variants of the final
concentration. The plates were incubated overnight at 37 °C.
The viability of bacteria was assessed using a 100 pg ml™" resa-
zurin sodium salt solution. 12 pl of the prepared solution was
added to each plate well. The plates were incubated at 37 °C
for 1 hour. Detection was performed based on fluorescence
measurements (Ee, = 560 nm, E.,, = 590 nm) using a micro-
plate reader (VarioskanLux, ThermoFisherScientific Oy,
Vantaa, Finland). The fluorescence was calculated by subtract-
ing the negative control from the tested values. The
reduction in bacterial viability was calculated as a percentage
of normal viability, where the positive control was assumed to
be 100%. The analysis was performed in triplicate for each
tested concentration. In the study, we use three Gram-negative
Klebsiella pneumoniae strains, namely ATCC BAA-1705 strain
(carbapenemase-producing, with KPC gene), ATCC 10031
(drug-sensitive), and the B34 strain from the deposit of ICNT
NCU in Torun, isolated from a diabetic foot. Moreover, three
Gram-positive Staphylococcus aureus strains were used: ATCC
BAA-1026 (MRSA), ATCC 29213 (drug-sensitive), and strain B5
from the deposit of ICNT NCU in Torun, isolated from a
diabetic foot.*®

14308 | Dalton Trans., 2025, 54,14304-14321

Results & discussion
X-ray structure of [Ru™'Cl,(Nic),] [(CH;),NH,] DMF

The complex [Ru™Cl,(Nic),] [(CH;),NH,] ' DMF (Fig. 2) crystal-
lises in a monoclinic C2/c space group with a Ru(ui) ion posi-
tioned at the inversion centre. The bond lengths and angle
values in the ruthenium coordination sphere are in the range
of 2.0896(12)-2.3542(3) A and 88.80(4)-180.0°, respectively
(Table S3). The coordination sphere of Ru(m) adopts a dis-
torted octahedral geometry and is composed of four chloride
atoms and two nitrogen atoms coming from two nic ligands.
The asymmetric part contains half of the ruthenium complex
anion, half of the [(CH;),NH,]" cation, and a DMF molecule.
Dimethylamine participates in N-H---Cl and C-H---Cl-type
interactions, while C-H stabilises the DMF molecule---O and
O-H---O type interactions (Table S4). The analysis of the
[Ru™Cly(Nic),] [(CH3),NH,]'DMF structure also revealed C15-
H15B:T(cq...co[l — X, 1 — ¥, 1 — 2], with distance C---n being
3.694(2) A.

X-ray structure of [Ru""Cl,(3-HPA),][3-HH,PA]"(EtOH),

The compound [Ru™Cl,(3-HPA),] [3-HH,PA]"(EtOH), crystal-
lises in the triclinic P1 space group with anion [Ru™Cl,(3-
HPA),]", cation [3-HH,PA]" and two molecules of ethanol in
the asymmetric unit (Fig. 3). The Ru(u) atom has a distorted
octahedral geometry consisting of two chloride ions, N and O
atoms of two 3-HPA ligands. The bond lengths in the ruthe-
nium coordination sphere are in the range of 2.035(2)-2.3382

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) The structure of [Ru"'Cly(3-HPA),]"[3-HH,PAI*(EtOH), (the thermal ellipsoids plotted at 30% probability) with intermolecular hydrogen
bonding interactions (dashed line). (B) Crystal packing along the a-axis. The hydrogen atoms were omitted for clarity.

(7) A, and the angles are in the range of 80.94(9)-177.07(6) °
(Table S3).

The [3-HH,PA]" (cation participates in intra- and inter-
molecular hydrogen bonds of the O-H---O and N-H---O type)
(Table S4). Meanwhile, the solvent molecules (EtOH) interact
with each other as well as with the cation [3-HH,PA]" and
complex anion [Ru™Cl,(3-HPA),]” (Table S4). Analysis of the
crystal packing also revealed the presence of n---x interactions.
Interactions between 6-membered rings of ligands coordinated
with the Ru(m) ion have been observed. These are
T(ca---co)  T(ca-co)[—%, 1 — ), —2] interactions with a distance of
3.7228(16) A and n(m...m).--n(CM.A.q’lg)[l - x, -y, —z] inter-
actions with a distance of 3.6553(18) A.

Microscopic studies

The SEM technique was utilised to study the morphology of
the two complexes (Fig. S1). Samples prepared on a silicon
plate reveal the complex morphology of irregular, radiating
plates or flakes. The elemental compositions of the two com-
plexes [Ru™Cl,(Nic),] [(CH;),NH,]'DMF, 1, and [Ru™Cl,(3-
HPA),] [3-HH,PA]'(EtOH),, 2, were identified by EDX analyses
of samples taken from different batches of the products. As
presented in Fig. S1, typical EDX spectra of the obtained salts
exhibit C, N, O, Cl, and Ru peaks, characteristic of the com-
ponent elements of the 1 and 2 complexes. The lack of signals
corresponding to elements other than expected indicates the
purity of the obtained samples. Aluminium detected in the
analyses originates from the microscope table.**

Spectroscopic studies

The infrared spectra of the complexes 1 and 2 are given in
Fig. S2. At frequencies around 3073 and 3097 em™', O-H
stretching vibrations of the carboxyl group appear. C-H

This journal is © The Royal Society of Chemistry 2025

stretching vibrations from the aromatic ring are seen in the
range of around 2939-2800 cm™'. C=O stretching vibrations
for the uncoordinated carboxyl group occur at a wavelength of
around 1747-1709 cm™". At about 1630 cm™ ', symmetric and
asymmetric C=C stretching vibrations of the aromatic ring are
observed. For the 1(C-C) and »(C=N) vibrations, bands appear
in the range of 1590-1450 cm™", while at 1650-1500 cm™",
deformation vibrations for N-H. C-O stretching vibrations
occur in the range of 1430-1100 cm™". Sharp bands of high or
medium intensity at 1286, 1245, 1050, 850-845, 753, 695, and
480 cm ™" are characteristic of vibrations originating from co-
ordinated nicotinic acid (Fig. S2a). The bands in the
890-860 cm™' and 790-810 cm™' range are typical for the
3-hydroxypicolinate ligand (Fig. S2b). Typical vibrations for the
pyridine ring occur at about 850-820 cm ' and around
1600 cm™'. At frequencies around 420 cm™", a band assigned
to the y(Ru-N) vibrations appears. Two bands in the far infra-
red range (280-250 cm™') correspond to Ru-Cl’s symmetric
and asymmetric stretching vibrations.****

The EPR spectra of 1 ([RuCly(Nic),] [(CH3),NH,] DMF)
and 2 ([Ru"Cl,(3-HPA),] [3-HH,PA]"(EtOH),) in methanol/
ethylene glycol (2:1) mixtures are shown in Fig. 4. Both
spectra are characteristic of an S = 1/2 system and do not
exhibit hyperfine structure from °’Ru (I = 5/2, 12.76%) or "°’Ru
(I =5/2, 17.06%). Therefore, the spin Hamiltonian for the low-
spin Ru(m) centres (d°, § = 1/2) can be given as: Hg = e(BygxSx
+ B,g,S, + B.g.S).

Complexes 1 and 2 exhibit slightly rhombic EPR signals
(g« > g > g,), with the perpendicular components of the g
tensor (g, and g,) being more clearly resolved for 2. In contrast,
for 1, significant line broadening due to g strain makes the
parallel component (g,) challenging to observe without careful
subtraction of the resonator background.*® Similar broadening

Dalton Trans., 2025, 54,14304-14321 | 14309
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Fig. 4 EPR spectra of complex 1 (panel A) and complex 2 (panel B).

effects have been previously reported for Ru(mr) complexes.*”*®

They are observed to some extent for the g, and g, lines, ren-
dering them less fully resolved in 1 compared to 2.

The principal g components for 1 and 2 are characteristic of
low-spin Ru(mr).***”~>* However, g, and g, are noticeably higher
for 1, while g, is lower, reflecting differences in their coordi-
nation environments. Complex 1 features four chloride ligands
in the equatorial plane, whereas 2 has two oxygens and two
chlorides, leading to distinct electronic properties, especially
changes in the energy of (t,,)” orbitals.**>**>?

To gain insight into the energies and electronic character-
istics of the d orbitals using experimental EPR data, we
employed the method developed by McGarvey,>>>* which has
been found successful for various d® systems,*>*"**%5°% includ-
ing Ru(u)-Ru(m) ion pairs.***” By solving the McGarvey
equations, we found that, for 1 and 2, the d,, orbital lies above
d.; and d,,. Consequently, the electronic configuration of Ru(ur)
in 1 and 2 is (d.)*(dy.)*(dx)". Moreover, both complexes’ excited
states are well separated from the ground state, resulting in neg-
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ligible mixing of the lowest Kramers doublet with higher-energy
states. Details of this procedure are given in the SI

DFT calculations

We performed DFT calculations to confirm that the unpaired
electron in 1 and 2 occupy the d,, orbital. The predicted
d-orbital splitting for both complexes is shown in Fig. 54,
along with the respective orbital isosurfaces. Our compu-
tational results confirm that the singly occupied molecular
orbitals (SOMOs) have a dominant contribution from the d,,
atomic orbitals of ruthenium. Unlike orbitals with d,, d,, or
dy2_y2 characters, the SOMOs exhibit limited antibonding inter-
actions with the ligands, suggesting that spin density delocali-
sation onto the ligands should be relatively small in 1 and 2.
Although spin density isosurfaces (Fig. 5B) reveal some trans-
fer of the unpaired electron to donor atoms, Lowdin spin
population analysis at the BHandHLYP level confirms that
91.3% and 90.7% of the unpaired electron density remains
localised on the Ru(m) centre in 1 and 2, respectively.
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Fig. 5 Results of DFT calculations using the hybrid functional BHandHLYP for complexes 1 and 2: splitting of the quasi-restricted orbitals and their
isosurfaces contoured at 0.05 a.u. (panel A) and spin density isosurfaces contoured at 0.001 a.u., with purple representing positive (a-type) and

yellow representing negative (B-type) spin densities (panel B).
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We also used DFT to calculate the principal components of
the g tensor for 1 and 2. Although some quantitative discre-
pancies were observed, the g values obtained from DFT calcu-
lations qualitatively aligned well with EPR experimental data
and accurately reproduced the g tensor pattern found for 1 and
2 (Table S6). Consequently, the electronic structures derived
from these theoretical calculations, summarised in Fig. 5,
provide a reliable model for 1 and 2.

Nanopatrticles of [Ru™Cl,(Nic),] [(CH;),NH,]* (NPs(1)) and
[Ru™Cl,(3-HPA),] [3-HH,PA]" (NPs(2))

Applying the anti-solvent method combined with magnetic
stirring or sonication led to the nano/submicron particle for-
mation of complexes. Fig. 6, 7, and S3-S6 present high-resolu-
tion scanning electron (HR-SEM) images and dynamic light
scattering (DLS) size distribution profiles of the ellipsoidal,
round and somewhat polygonal, primarily rectangular par-
ticles of NPs(1) and NPs(2), formed under various experi-
mental conditions. A close look at the SEM images reveals

100

View Article Online

Paper

similar shapes of the given complex particles obtained by
applying magnetic stirring. In contrast, sonication produces
particles with a variety of less regular shapes. Furthermore, a
broad range of particle sizes (ca. 37-372 nm for NPs(1) and
53-263 nm for NPs(2)) can be accounted for in terms of aggre-
gation during reaction suspension filtration and drying of the
solid material.

DLS data collected for the examined particles (Fig. 6, 7, and
S3-S6) demonstrate irregular time-dependent size fluctuation,
ie. ca. 92-282 nm for [Ru™Cly(Nic),] [(CHs),NH,]" and
180-255 nm for [Ru™Cl,(3-HPA),] [3-HH,PA]". Nevertheless,
the smallest particles of both complexes were found in
samples stirred or sonicated for 10 minutes during the synth-
eses. The larger particle sizes measured by DLS than those esti-
mated from SEM images are unsurprising. One should remem-
ber that DLS and SEM approaches are complementary tech-
niques that provide insights into nanoparticle size distribution
and morphology. Yet, they fundamentally differ in the
measurement process. DLS measures the hydrodynamic dia-
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Fig. 6 Hydrodynamic size (A) and SEM image for NPs (B) of [Ru"'Cl4(Nic),] [(CHz)>NH,]*DMFg,_1o obtained from the anti-solvent method.
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Fig. 7 Hydrodynamic size (A) and SEM image for NPs (B) of [Ru"'Cl4(Nic),] " [(CH3),NH,]* DMFgon_10 obtained from the anti-solvent method.

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54,14304-14321 | 14311


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01857a

Open Access Article. Published on 25 August 2025. Downloaded on 11/29/2025 8:10:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

meter of colloidal particles in suspension, including the core
particle size, the solvation shell, and any associated dynamic
layers (e.g. hydration shells, polymer coatings, or loosely
bound counterions).

In contrast, SEM provides direct visualisation of particle
morphology after solvent evaporation, eliminating the sol-
vation shell and surface-bound species that potentially alter
particles’ spatial arrangement due to capillary forces during
drying.”® The present study interpreted the DLS measurements
within the Smoluchowski approximation, which describes
Brownian motion and light scattering in colloidal dispersions
(Fig. S3-S6). According to this framework, the intensity-
weighted hydrodynamic diameter derived from DLS corres-
ponds to an effective radius that accounts for the dynamic
interactions between the solvated nanoparticle and its sur-
rounding medium. It is particularly relevant for systems invol-
ving ionic or polar ligands, such as the ruthenium(u) com-
plexes examined here, where the solvation shell significantly
influences the observed particle size. The observed discrepan-
cies between DLS and SEM data stem from these fundamental
differences in measurement principles. While DLS character-
ises nanoparticles in a fully solvated state, reflecting their
behaviour in biological or -catalytic environments, SEM
measures the dried-state dimensions, where capillary forces
may induce particle aggregation, deformation, or shrinkage.
The size distributions obtained from DLS suggest that the
studied systems exist as stable colloidal suspensions with a
polydispersity index (PDI) indicative of moderate heterogen-
eity. The Smoluchowski approximation further supports the
notion that nanoparticle motion in the dispersions follows the
diffusive behaviour expected for colloidal systems, confirming
their stability under the chosen experimental conditions.” In
particular, the hydrodynamic diameters obtained for
[Ru™Cl,(Nic),] [(CH3),NH,]'DMF and [Ru™Cl,(3-HPA),] |3
HH,PA]'(EtOH), exhibit a broad distribution, likely due to vari-
ations in solvation layer thickness and the presence of small
aggregates. While providing high-resolution structural
insights, the SEM analysis captures only the dehydrated par-
ticle morphology and does not account for solvent-mediated
interparticle interactions. As such, the combination of DLS
and SEM enables a more comprehensive understanding of the
physicochemical properties of these ruthenium-based systems,
bridging their behaviour in solution and the solid state. The
consistency of the DLS results with Smoluchowski’s approxi-
mation supports the interpretation that these complexes exist
in colloidal form rather than as discrete molecular species in
solution.

The obtained NPs of both complexes under selected con-
ditions were also investigated using X-ray powder diffraction
(Fig. 1). The collected data were processed using the Scherrer
and Williamson-Hall methods (Fig. S7), and the values of the
crystallite sizes, D, and elastic strain are given in Table S5. The
crystallite sizes of 15 and 8.92 nm obtained for NPs(1)s, 3o and
NPs(2)s¢-15, respectively, from the Williamson-Hall (W-H)
plot, are smaller than those of 18 and 24.22 nm for NPs(1)s,.30
and NPs(2)s..15, respectively, calculated using the Scherrer
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equation. This discrepancy arises because the W-H method
accounts for crystallite size and lattice strain, whereas the
Scherrer equation considers only size broadening. However,
this computation (W-H) is statistically more suitable than
merely averaging individual values. The presence of significant
compressive strain (1.3%) and high dislocation density (12.57
x 10" lines per m?®) in NPs(2)syq5 mainly contributes to
additional peak broadening, leading to a smaller crystallite
size estimation in the W-H analysis. The X-ray determined
average crystallite size of NPs(1)si.30 and NPsS(2)s..15 agrees
nicely with the particle size of the same sample obtained by
other methods (see Table 1), which therefore demonstrates the
nanoscale of the examined complex.

Hydrodynamic size and zeta potential of ruthenium(r)
complexes in aqueous and biological media: DLS investigation

In this study, we systematically investigated the electrokinetic
properties of ruthenium(ur) complex particles in aqueous and
biologically relevant media - Mueller-Hinton Broth (MHB)
and Dulbecco’s Modified Eagle’s medium (DMEM). Dynamic
light scattering (DLS) measurements were employed to deter-
mine the hydrodynamic radii and particle-size distributions of
the colloidal suspensions. Zeta-potential analyses quantified
their surface charge and colloidal stability. This physico-
chemical characterisation is crucial for interpreting the com-
plexes’ bioavailability and biological activity in vitro and in vivo
since hydrodynamic size and surface charge strongly influence
aggregation behaviour and interactions with biological
systems.

Fig. S8 presents particle size distribution plots for both
ruthenium complexes and the aqueous solutions used for cell
culture, showing data acquired before and after incubation at
37 °C. The ruthenium complexes analysed did not form real
solutions, but appeared as dispersive systems containing one
or more populations of aggregates. Their behaviour showed
considerable variability, depending on the environment and
concentration.

In aqueous solutions (Fig. S8a, S8a* and S8a’), control solu-
tions, ie. distilled water (sample A) and water with 5% DMSO
(sample B), particle sizes ranged between 344.5-368.3 nm. The
zeta potential in sample B was —17.3 mV, increasing to
—29 mV after 24 hours of incubation, suggesting improved col-
loidal stability. Ruthenium complexes at higher concentrations
(0.5 mg ml™"; samples C and E) formed aggregates between
200-400 nm with a zeta potential near zero (e.g. +1.89 mV for
sample C after 24 h), indicating low electrostatic stability and
aggregation tendency (DLVO theory). At lower concentrations
(0.0312 mg ml™"; samples D and F), bimodal distributions
appeared, and zeta potential values remained low (-3 to
—5 mV), suggesting aggregation governed by van der Waals
forces rather than electrostatic repulsion. According to DLVO
theory, such zeta potential values confirm that in water, the
system’s stability is not due to electrostatic repulsion, and
possible stabilisation may be related to other mechanisms,
such as steric stabilisation.

This journal is © The Royal Society of Chemistry 2025
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Studies in MHB medium (Fig. S8b, S8b* and S8b’) allowed
us to evaluate the electrokinetic behaviour under conditions
simulating the microbiological environment. In MHB, even
control samples showed a tendency to component aggregation
(low dispersion stability). The zeta potential was more negative
(=13 to —29 mV), implying increased electrostatic stability.
However, complex aggregation in MHB was highly variable.
The aggregation of ruthenium complexes in MHB strongly
depended on complex concentration and structure. For
example, after 24 hours, [Ru™'Cl,(3-HPA),] [3-HH,PA]"(EtOH),,
2 at 0.5 mg ml~" formed a dominant 64 nm population along-
side substantial aggregates (~4804 nm), while maintaining a
relatively high zeta potential (—20 mV). Significant aggregation
occurred at 0.0312 mg ml~" despite increasing zeta potential,
suggesting other aggregation mechanisms, such as hydro-
phobic interactions or interactions with medium proteins and
for the [Ru™Cl,(Nic),] [(CH;),NH,]"DMF, 1, complex large
aggregates formed at lower concentrations even with high zeta
potentials, indicating the dominance of strong attractive forces
beyond the classical DLVO model.

In DMEM medium (Fig. S8c, S8c* and S8c'), all samples
exhibited trimodal particle size distributions, including small
(11-63 nm) and larger (700-2600 nm) aggregates from the
medium itself. The introduction of ruthenium(m) complexes
affected the colloidal structure of the systems. For the
[Ru™Cl,(3-HPA),] [3-HH,PA] (EtOH), complex, 2, at 0.5 mg
ml™" (sample C), 26.5 nm particles initially dominated (63%),
but after 48 h, even smaller particles (21.7 nm, 84%) prevailed,
alongside a new ~1.8 um fraction. A similar trend was
observed at a lower concentration (sample D), with 28 nm par-
ticles reaching 98% intensity after incubation. In
[Ru™Cl,(Nic),] [(CH;),NH,] ' DMF, 1, complex (E, F), small par-
ticles (~19-24 nm) dominated after 48 h. However, larger
aggregates (>3 pm) emerged in sample F. All samples contain-
ing ruthenium(m) complexes exhibited a negative zeta poten-
tial ranging from —6.4 to —9.2 mV, indicating limited colloidal
stability and favouring aggregate formation, especially at
higher concentrations and longer incubation times.
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The results of DLS and zeta potential measurements show
that both [Ru™Cl,(3-HPA),] [3-HH,PA]'(EtOH), 2, and
[Ru™Cl4(Nic),] [(CH3),NH,]'DMF, 1, form dispersive systems
composed of particles that tend to aggregate in different ways
depending on the surrounding medium and concentration.
Low zeta potential values in water and DMEM indicate poor
electrostatic stabilisation, favouring aggregation, as predicted
by DLVO theory. In contrast, in MHB medium, the zeta poten-
tial was generally more negative, which suggests improved
electrostatic stabilisation. However, even in MHB, aggregation
still occurred, indicating that other factors, such as steric
effects, hydrophobic interactions, or interactions with pro-
teins, influence particle behaviour. Notably, the extent and
type of aggregation differed between the two complexes,
especially at lower concentrations, which could affect their
availability and activity in biological systems. Therefore,
thorough physicochemical characterisation of these systems in
biologically relevant environments is crucial to better under-
stand and interpret their biological effects.

Ruthenium complexes: cytotoxicity and morphological effects
on cell lines

The viability of L929 fibroblasts, Hep-G2 and Caco-2 cells after
treatment with [Ru™Cl,(Nic),] [(CH;),NH,]'DMF, 1, and
[Ru™Cl,(3-HPA),] [3-HH,PA]'(EtOH),, 2, complexes at four
different concentrations: 0.025, 0.05, 0.1 and 0.5 mg ml™ was
assessed using the MTT assay. The results showed that
[Ru™Cl,(3-HPA),] [3-HH,PA]'(EtOH), complex, 2, at all con-
centrations tested, exhibited a cytotoxic effect on the men-
tioned three cell lines — L929 fibroblasts, Caco-2 and Hep-G2
after 48 h incubation.

Cell viability decreased with increasing complex concen-
tration (Fig. 8a and b), reaching less than 23%, 52%, 34% at
0.1 mg ml™" for 1929, Hep-G2 and Caco-2 cells, respectively.
Toxicity against L929 fibroblast cells suggests that the complex
does not distinguish between healthy and cancerous cells,
which may limit its therapeutic utility. It is likely to have non-
selective and systemic toxicity, limiting its potential as a direct

[Ru™(3-HPA)] [Ru™(Nic)] DMSO [Ru™(3-HPA)] [Ru™(Nic))
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Fig. 8 Cell viability of L929 fibroblasts (a), Hep-G2 cells (b), and Caco-2 cells
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(c) cultured on the control with DMSO, [Ru"'Cl,(3-HPA),]7[3-

HH,PAI*(EtOH), and [Ru"Cl4(Nic),]"[(CHs),NH,]*DMF samples compared with the non-treated cells in control wells (100%) for 48 h. Data are shown
as mean standard error of the mean (SEM) of five independent experiments. The significance was indicated as follows: ** p < 0.01; *** p < 0.001.
Pound signs denote differences between the cells cultured on the control with DMSO (## p < 0.01). The limit of cytotoxicity was marked with a

dashed horizontal line.
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anti-tumour drug, but could still be developed with targeting
or structural modifications. In addition, it should be noted
that DMSO, used as a solvent to dilute ruthenium complexes,
can affect cytotoxicity results. Even if the complex is not highly
toxic, the presence of DMSO may exacerbate the effect by facili-
tating transport into the cell.®>®' Our studies have shown that
DMSO at concentrations >0.1% is toxic to L929 mouse fibro-
blast cells. Application of DMSO at concentrations <0.1% is
nontoxic to Caco-2 and Hep-G2 cells; however, the number of
cells (at 0.1 and 0.05% DMSO concentration) is reduced rela-
tive to the untreated DMSO control. DMSO in the ruthenium
complex can affect toxicity by, for example, increasing mem-
brane permeability, which affects the uptake of compounds
(e.g., ruthenium complexes).®>®> An effective way to eliminate
this problem could be to bind the [Ru™Cl,(3-HPA),][3-
HH,PA]"(EtOH), complex, 2, to a biological carrier (e.g.
protein, peptide, liposome, polymer or nanocarrier); this
should also affect the potential increase in selectivity against
cancer cells.®* ®® Replacing DMSO with another carrier elimin-
ates the problem of its toxicity. In addition, the carrier can
also protect metal complexes that are unstable in aqueous
solutions from hydrolysis or ligand exchange.®”"*® We obtained
different results for the other ruthenium complex analysed -
[Ru™Cl,(Nic),] [(CH;),NH,]'DMF, 1. The highest viability of 1929
cells (~85%) was observed at 0.025 mg ml ™", indicating low tox-
icity at this dose (Fig. 8a). The concentration of the Nic complex
at 0.05 mg ml ™" is at the limit of its cytotoxicity (~73%) compared
to the control sample (100%). Cell viability decreased with
increasing [Ru™Cl,(Nic),] [(CH3),NH,] DMF complex, 1, concen-
tration (Fig. 8), reaching less than 51%, 80%, 56% at 0.1 mg ml ™"
for 1929, Hep-G2 and Caco-2 cells, respectively, after 48 h incu-
bation. Moreover, this complex was found to be nontoxic to hepa-
tocellular carcinoma (Hep-G2) at concentrations above 0.1 mg
ml™" (Fig. 8b). Importantly, the complex above is toxic at all con-
centrations tested against human epithelial colorectal adeno-
carcinoma (Caco-2) (Fig. 8¢). Therefore, the
[Ru"Cl,(Nic),] [(CH5),NH,]'DMF complex, 1, may have a selective
cytotoxic effect, acting mainly on cells of intestinal origin, which
may be beneficial, for example, in the treatment of colorectal
cancer. Caco-2 is a model of enterocytes that form an intestinal
barrier-like layer.® Perhaps the [Ru™Cl,(Nic),] [(CH3),NH,] DMF
complex, 1, disrupts the integrity of this barrier or causes oxi-
dative stress, which does not occur in other cell lines. However, it
is worth noting that different ruthenium complexes exhibit
different cytotoxic activity, suggesting that their structure could be
further optimised to increase selectivity against cancer cells while
reducing toxicity to healthy cells.””” In our study, [Ru™Cl,(3-
HPA),] [3-HH,PA] (EtOH), complex, 2, showed a stronger ability
to induce cell death compared to [Ru™Cl,(Nic),]”
[(CH;),NH,] DMF complex, 1.

An inverted phase-contrast microscope was harnessed to
evaluate the cell morphology after two days. Comparative
images of L929 fibroblasts (Fig. 9), Hep-G2 cells (Fig. 10), and
Caco-2 cells (Fig. 11) are shown for ruthenium complexes at
concentrations of 0.1 and 0.025 mg ml™" and for the controls
performed. Comparative cell analysis confirmed the results
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obtained in the MTT test. Optical microscopy showed a toxic
effect of DMSO at a concentration of 0.1% on L929 fibroblast
cells. A damaged cell monolayer (rounded morphology com-
pared to the untreated control) was then observed. A similar
effect was noted for both ruthenium complexes at a concen-
tration of 0.1%. L929 cells interacted with the
[Ru™Cl4(Nic),] [(CH3),NH,]'DMF complex, 1, at a concen-
tration of 0.025 mg ml ™, contrary to the [Ru"™Cl,(3-HPA),] [3-
HH,PA]'(EtOH), complex, 2, treated cells, had an elongated
shape, and their density was comparable to the control
(Fig. 9), indicating their good viability. Hep-G2 cells show an
epithelial-like morphology and initially attach in small patches
of cells, which is very evident with the controls used and the
[Ru™Cl4(Nic),] [(CH;),NH,]'DMF complex, 1. The [Ru™Cl,(3-
HPA),] [3-HH,PA]'(EtOH), complex, 2, at concentrations of
0.01 and 0.025 mg ml~" had a toxic effect on Hep-G2 cells, and
it was observed that some of the cells rounded and shrank,
while some retained a morphology similar to the control
(Fig. 10). Caco-2 cells with healthy morphology form an epi-
thelium-like monolayer with a transparent cytoplasm. This ten-
dency was observed for cell controls without and with DMSO
(especially for DMSO 0.025%). With both ruthenium com-
plexes, the number of Caco-2 cells is lower than in the control
sample, particularly at a complex concentration of 0.1 mg ml™*
(Fig. 11).

Anti-bacterial activity of [Ru""Cl,(Nic),] [(CH;),NH,] DMF and
[Ru™Cl,(3-HPA),] [3-HH,PA]"(EtOH), complexes

In the current study, Klebsiella pneumoniae strains were
included as representative Gram-negative bacteria, which,
according to the 2024 WHO Bacterial Priority Pathogens List,
maintain the critical status, especially the carbapenemase-pro-
ducing strains such as ATCC BAA-1705. Additionally, methicil-
lin-resistant Staphylococcus aureus (MRSA) strains represent
the high-priority group. We also included non-resistant refer-
ence strains from the ATCC collection to ensure a comprehen-
sive comparison. Furthermore, clinical isolates obtained from
diabetic foot ulcers were analysed. These samples are vital
since diabetic foot infections are recognised as a major driver
of multidrug resistance emergence. According to literature
data, most bacterial strains isolated from this type of chronic
wound exhibit multidrug resistance, making their treatment
especially challenging.”*

Fig. 12 shows the results of the bactericidal properties
studies of the [Ru™Cl,(Nic),] [(CH;),NH,] DMF complex, 1. In
the case of all the tested bacteria, no complete inhibition of
growth was observed. In the case of Gram-positive bacteria,
S. aureus, only for strain ATCC BAA-1026, there was a slight
decrease in viability at all concentrations, accounting for about
20%. For strains B5 and ATCC 29213, although variations in
viability are apparent on the graph, considering the standard
deviations, no significant differences in viability were
observed. In the case of Gram-negative bacteria K. pneumoniae,
ATCC BAA-1705, no substantial change in viability was
observed. Instead, for strain B34 at the highest concentration
of 1, a decrease of nearly 45% can be distinguished. For ATCC

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Images of L929 fibroblasts growing on (a) the control, (b and c) control with DMSO, (d and e) [Ru"'Cl4(Nic),][(CH3),NH,]*DMF and (f and g)
[Ru"Cl,(3-HPA),][3-HH,PA]*(EtOH), for two days. The type and concentration of specimens are presented in the figures.

Fig. 10 Images of Hep-G2 cells growing on (a) the control, (b and c) control with DMSO, (d and e) [Ru"'Cl4(Nic),]"[(CH3),NH,]*DMF and (f and g)
[Ru"Cl,(3-HPA),][3-HH,PA]*(EtOH), for two days. The type and concentration of specimens are presented in the figures.
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Fig. 11 Images of Caco-2 cells growing on (a) the control, (b and c) control with DMSO, (d and e) [Ru"'Cl4(Nic),]"[(CH3)>NH,]*DMF and (f and g)
[Ru"Cl,(3-HPA),][3-HH,PA]*(EtOH), for two days. The type and concentration of specimens are presented in the figures.
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Fig. 12 Bacterial viability results for (A) S. aureus ATCC BAA-1026, ATCC 29213, B5 strains and (B) K. pneumonia ATCC BAA-1705, ATCC 10031, B34

strains treated with [Ru'"'Cl,(Nic),]"[(CH3),NH,]*DMF complex.

10031, a comparable decrease is also observed at a concen-
tration of 250 pg ml™', while for B34, at a concentration of
31.25 pug ml™*, there was an improvement in viability by about
20%.

The bactericidial properties of [Ru'Cl,(3-HPA),][3-
HH,PA]'(EtOH), are illustrated in Fig. 13. It can be seen that
complex 2 has higher antibacterial potential than complex 1
for all tested strains. In the case of K. pneumoniae strains ATCC

14316 | Dalton Trans., 2025, 54,14304-14321

10031, ATCC BAA-1705 and B34 at the concentration of 500 pg
ml™", the reduction in viability accounted for 10, 20 and 60%,
respectively. Instead, S. aureus reveals higher sensitivity to the
tested compound. Reduced viability was observed already at
125 pg ml™" concentration for strains ATCC 29213 and ATCC
BAA-1026. The B5 strain maintained viability across all concen-
trations except at 500 pg ml™", where survival dropped to 7%.
At the same concentration, the survival rate for the ATCC

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Bacterial viability results for (A) S. aureus ATCC BAA-1026, ATCC 29213, B5 strains and (B) K. pneumonia ATCC BAA-1705, ATCC 10031, B34

strains treated with [Ru''Cl,(3-HPA),] [3-HH,PA]*(EtOH), for complex.

BAA-1026 strain was 13%, while for ATCC 29213, it was
approximately 0%, demonstrating that the MIC was reached.
The results would indicate the potential of using the syn-
thesised complex to combat infections caused by Gram-posi-
tive bacteria such as S. aureus. However, its higher toxicity
towards healthy cells (fibroblasts tested) than Gram-positive
bacteria precludes considering this compound as a potential
antibacterial agent or requires optimisation of its toxic
selectivity.

The studies on Ru-containing complexes revealed that the
bactericidal properties depend on the supporting ligand, and
the obtained MIC is comparable to the previously obtained
results (i.e. 1500 ug ml™" depending on the tested strains and
compounds).””® One less investigated aspect in the current
scientific literature is the precise mechanism of ruthenium
complexes’ action underlying their biological activity.
Proposed mechanisms often highlight the potential for ruthe-
nium or its accompanying ligands to interact with DNA, dis-
rupting cellular functions. However, a comprehensive under-
standing of these processes remains elusive and warrants
further investigation. Some other studies, such as those pub-
lished by Lam et al., claimed that the plausible mechanism
involves generating reactive oxygen species (ROS) during incu-
bation with bacteria. The respective was demonstrated to be
relevant for enhanced antimicrobial activity of [Ru"(L,),(L,)]*"
complexes for L, = N-phenyl-substituted diazafluorene ligands
against MRSA strains.”®

On the other hand, the studies on [Ru(pic);]° complexes’
activity against K. pneumoniae and S. aureus strains revealed
unexpected results. Despite its toxic effects on all studied
strains, no ROS generation was observed, and a significant
reduction in the natural ROS level was detected. It suggests
that ruthenium may impair the bacterial respiratory chain.”®
This effect may be due to its ability to mimic iron, the vital
cofactor of cytochromes and other cytochrome-type oxidases,””
while unable to replace its essential function. Current studies
indicate that nicotinamide, a part of the NAD" cofactor that

This journal is © The Royal Society of Chemistry 2025

takes part in a respiratory chain, can counteract the adverse
effects of ruthenium. Previous work has shown that nicotina-
mide riboside can enhance the energy of complex I-II of the
respiratory chains,®® which supports our suggestions on the
possible involvement of ruthenium in such metabolic routes.

Summary and conclusions

In this study, two novel ruthenium(m) complexes,
[Ru™Cl4(Nic),] [(CH;),NH,]'DMF, 1, and [Ru™Cl,(3-HPA),] [3-
HH,PA]"(EtOH),, 2, were synthesised and characterised.
Comprehensive structural analysis confirmed that complex 1
crystallises in a monoclinic C2/c space group with a distorted
octahedral geometry, while complex 2 adopts a triclinic P1
space group with a comparable coordination environment.
X-ray diffraction, spectroscopic studies, and elemental analysis
provided detailed insight into their molecular structures and
stability. These complexes’ micro- and nanoparticles (NPs)
were synthesised using the LASC method to explore their
potential applications further. SEM and DLS analyses con-
firmed successful nanoparticle formation, with hydrodynamic
diameters ranging from 47 to 375 nm, depending on the syn-
thesis conditions. The preparation method (magnetic stirring
vs. sonication) influenced particle morphology and size distri-
bution, yielding more uniform spherical particles, while soni-
cation produced elongated and aggregated structures. XRD
studies confirmed high crystallinity, and crystallite size calcu-
lations using the Williamson-Hall and Scherrer methods indi-
cated sizes of approximately 15 and 18 nm for 1 and 8.92 and
24.22 nm for 2, respectively. The investigated ruthenium(u)
complexes formed dispersive systems with limited colloidal
stability and a strong tendency to aggregate; their behaviour is
highly sensitive to both concentration and environment. This
significant variability in aggregation profiles and zeta potential
values indicates that steric, hydrophobic, and biomolecular
interactions with medium components play a decisive role in
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determining their behaviour and potential biological activity
beyond electrostatic forces.

The antimicrobial activity assessment of the studied com-
plexes against clinically relevant bacterial strains revealed that
complex 2, featuring the 3-hydroxypicolinate ligand, exhibits
significantly higher bactericidal efficacy than complex 1, con-
taining nicotinic acid. Complex 2 demonstrates a MIC value of
125 pg mL™' against methicillin-resistant Staphylococcus
aureus (MRSA) strains, while complex 1 displays limited anti-
microbial activity. These findings suggest that the ligand
environment modulates biological activity, with 3-hydroxypico-
linate enhancing antibacterial effects. Mechanistic investi-
gations indicate that the antimicrobial action of these ruthe-
nium complexes may involve reactive oxygen species (ROS)
generation and disruption of bacterial respiratory chain func-
tions. Interestingly, nicotinic acid in complex 1 appears to
mitigate oxidative stress, whereas the 3-hydroxypicolinate
ligands in complex 2 contribute to enhanced bioactivity. These
observations align with previous studies on ruthenium-based
antimicrobial agents, reinforcing the role of ligand chemistry
in dictating biological efficacy. Similarly, the presented data
indicate an essential impact of a coordination sphere compo-
sition on the cytotoxicity towards host cells. The [Ru™Cl,(3-
HPA),] [3-HH,PA]'(EtOH), complex, 2, is markedly cytotoxic,
while [Ru™Cl4(Nic),] [(CH;),NH,] DMF species, 1, at a concen-
tration of 0.025 mg ml™", is a promising anti-cancer drug can-
didate targeting intestinal cancers, showing cytotoxicity
against Caco-2 cancer cells and no cytotoxicity against L929
fibroblasts cells. Since nanoparticles often exhibit distinct bio-
logical behaviours compared to their molecular counterparts,
including altered cellular uptake, distribution, and toxicity
profiles, we will address the biological effects of the reported
NPs(1) and NPs(2) in future studies. The planned research will
also focus on optimising nanoparticle stability and delivery to
target cells, potentially enhancing the selectivity and efficacy of
ruthenium complexes as therapeutic agents. However, evaluat-
ing their bioactivity requires the development of dedicated dis-
persion protocols to ensure reproducibility and stability in cell
culture media, which differ substantially from solvents used in
physicochemical characterisation.
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