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Abstract

Ruthenium (Ru) complexes exhibit intriguing biological effects, including potent antibacterial and anticancer activities. The
aim of this study was to prepare Ru(dppz)(DMSO).Cl. complex from cis-fac-dichlorotetrakis(dimethylsulfoxide)ruthenium(l1l)
precursor (cis-Ru(DMSO0)4Cl2), and assess its anticancer and antibacterial activities. The complex was characterized by NMR
and FTIR spectroscopies. The physiochemical properties of the prepared complexes were predicted by employing MolSoft
software and its DNA binding potential was assessed using molecular docking. The complex displayed an intercalative mode
of DNA binding with a binding affinity of -15.93 kcal/mol and a hydrogen bonding of 2.5 A. Additionally, Ru complex
exhibited a promising antibacterial effect against E. coli, E. faecalis, P. aeruginosa and S. aureus at a minimum inhibitory
concentration (MIC) of ~ 30 ug/mL. The cytotoxic activity of cis-Ru(DMSO)4Clzand Ru(dppz)(DMS0)2Cl> complexes against
colorectal (HCT-116) and breast cancer (MCF-7) cell lines was elucidated by using the MTT cell viability assay, and the latter
complex displayed an intriguing low ICso value (12.6 uM) in HCT-116 cells. The precise molecular mechanism of action of
Ru(dppz)(DMSO0).Cl2. complex was deciphered by tracking the expression levels of key apoptotic proteins, namely p53, Bax
and Bcl-2. Western blotting analysis showed that the anticancer activity is mediated by the complex’s ability to activate the
mitochondrial apoptotic pathway, as evident by modulating the expression level of p53, Bax and Bcl-2 proteins.

Rezumat

Complecsii ruteniului (Ru) prezintd efecte biologice variate, inclusiv activitati antibacteriene si anticancerigene puternice.
Scopul acestui studiu a fost dezvoltarea complexului Ru(dppz)(DMSO)Cl. din precursorul cis-fac-diclorotetrakis(dimetil-
sulfoxid)ruteniu(ll) (cis-Ru(DMSO)4Cl2) si evaluarea activitatilor sale anticanceroase si antibacteriene. Complexul a fost
caracterizat prin metode spectroscopice de RMN si FTIR. Proprietatile fizico-chimice au fost determinate prin utilizarea soft-
ware-ului MolSoft, iar potentialul de legare de ADN a fost evaluat folosind andocarea moleculara. Complexul s-a intercalat in
structura ADN-ului cu o afinitate de legare de -15,93 kcal/mol si o legdtura de hidrogen de 2,5 A. in plus, complexul Ru a
prezentat efect antibacterian impotriva E. coli, E. faecalis, P. aeruginosa si S. aureus, avand o concentratie inhibitorie minima
(MIC) de ~ 30 pg/mL. Activitatea citotoxica a complexelor cis-Ru(DMS0)4Cl2 si Ru(dppz)(DMSO)Cl2 asupra liniilor celulare
colorectale (HCT-116) si de cancer de san (MCF-7) a fost testatd prin utilizarea testului MTT. De asemenea, a fost evaluata
activitatea complexului asupra proteinelor p53, Bax si Bel-2.

Keywords: Ru(dppz)(DMSO0)2Clz, molecular docking, Western blot, antibacterial effect

Introduction suppressing proliferation [3]. Additionally, substantial
evidence suggested that the anticancer activity of
platinum coordination complexes is attributed to their
ability to cause DNA damage [4]. Such platinum-
mediated DNA damage is well-documented to be
associated with altered expression of various genes,
thereby altering different intracellular signalling path-
ways implicated in inflammation, differentiation and
angiogenesis [5-7]. Despite their significant therapeutic
value, the efficacy of cisplatin and its derivatives is
limited, and are associated with a vast array of side
effects, such as nausea and vomiting, myelosuppression,
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Over the past decades, metal-based drugs have gained
intense attention from the scientific community [1].
Metal-based cancer drugs have been introduced into
clinical practice since the success of cis-PtCly(NHs)z,
commonly known as cisplatin, in the treatment of
various cancers, including ovarian, cervical, bladder,
head and neck, melanoma and lymphoma [2]. Platinum-
based chemotherapeutic drugs, mainly cisplatin and
its derivatives carboplatin and oxaliplatin, exert their
antitumour effect through inducing apoptosis and
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immunosuppression, nephrotoxicity, neurotoxicity and
hearing loss [3, 8]. Therefore, new metal-based anti-
tumour drugs were investigated as potential alternatives
to surmount the key limitations of platinum-based
drugs [9].

Among the numerous metal-based compounds studied,
ruthenium (Ru)-based drugs have attracted interest
from researchers to treat tumours with selective
cytotoxicity to cancer cells [10]. Similar to Pt(ll),
Ru(11) and Ru(lll) ions have high affinity for nitrogen
and sulphur donor ligands [11]. More importantly,
ruthenium ions were shown to possess many advantages
over platinum drugs, including higher efficacy, lower
toxicity and lower drug resistance [12]. These effects
have paved the way for the application of ruthenium
derivatives in clinical studies [10, 12]. In particular,
ruthenium complexes with heterocyclic N-donor
ligands are the most prevalently studied drugs due to
their photophysical and electrochemical properties
[13], which rendered them applicable as photoactive
DNA cleavage agents for therapeutic purposes [14].
Moreover, the study of transition metal complexes
with sulfoxide ligands, mainly dimethyl sulfoxide
(DMSO0), expanded rapidly after the publication of the
first article in 1960 [15]. A fundamental characteristic
that makes these complexes worthy investigating is
their use as precursors for the synthesis of a wide
range of organometallic and coordination compounds
[16]. From a chemical point of view, these compounds
uniquely possess an isomerization bonding process
due to the ambidentate behaviour of the sulfoxide
ligand. Specifically, DMSO is a polar aprotic solvent
thus making its complexes applicable for different
studies without affecting their composition due to
ligand exchange with the solvent [17]. It is worth
noting that these complexes are useful in medical
chemistry, and several metal complexes containing
DMSO or other sulfoxide ligands exhibit antibacterial,
antineoplastic and antimetastatic activities [18, 19]. For
example, many studies have shown that Ru(DMSO)4Cl,
complexes exhibit remarkable antiproliferative and
antimetastatic activities against various cancer cell
lines [17, 20, 21].

Furthermore, transition metal complexes with di-
pyrido[3,2-a:2',3’-c]phenazine (dppz) ligands have
been extensively designed and assessed for their DNA-
binding activity and therapeutic efficacy [22-24].
Dppz ligands are characterized by having a large
aromatic surface area that allows efficient intercalation
within the DNA base pairs [25]. As such, several Ru-
dppz complexes were shown to exhibit significant
antibacterial and anticancer effects [26, 27]. In this
context, this study aimed at synthesizing and
characterizing dichlorotetrakis (DMSO) ruthenium
(1) [RuCl(DMSO0)4] and dichlorobis (DMSO) (di-
pyrido-[3,2-a:2,3-c]phenazine) [RUCI:(DMSO)2(dppz)]
complexes, and preliminarily assessing their anti-
bacterial and anticancer effects.
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Materials and Methods

Materials

Analytical grade DMSO, 1,10-phenanthroline, phenylene
diamine, ruthenium(l11) chloride hydrate (RuCls.nH;O)
and solvents were purchased from Sigma Aldrich and
used as received without further purification. For
antimicrobial assessments, Staphylococcus aureus
(ATCC 25923), Escherichia coli (ATCC 10536),
Pseudomonas aeruginosa (ATCC 10145), Enterococcus
faecalis (ATCC 51299) were selected due to their
clinical and pharmacological importance. Bacterial
stock cultures were incubated for 24 hours at 37°C
on nutrient agar and were subsequently stored at
4°C. Bacterial strains were grown in Mueller-Hinton
agar (MHA) plates at 37°C. Bacteria was grown in
nutrient broth at 37°C and maintained on nutrient
agar slants at 4°C.

Regarding the anticancer activity assessment, human
colorectal cancer cell line HCT-116 and human breast
cancer cell line MCF-7(ER*, PR*", HER2) were used.
These cell lines were cultured in Dulbecco's modified
eagle's medium (DMEM) supplemented with 10% foetal
bovine serum (FBS) and 100 U penicillin/streptomycin
at 37°C and 5% CO; in a humidified chamber. All
antibodies used in this study were purchased from
Santa Cruz Biotechnology, California, Texas and
involved anti-p53 (DO-1, mouse monoclonal 1gG2a),
anti-Bcl-2 (N-19, rabbit polyclonal 1gG), anti-Bax
(B-9, mouse monoclonal 1gG2b) and secondary
Horseradish Peroxidase (HRP)-conjugated antibodies.
Both primary and secondary antibodies were diluted in
5% non-fat milk except for anti-B-actin antibody,
which was diluted in TBS1X-0.001% Tween.
Synthesis of the ligands and complexes

Synthesis of 1,10-phenanthroline-5,6-dione (2).
Compound 2 was synthesized according to the
procedure reported by Yamada et al. [28]. In brief,
1,10-phenanthroline (1 g, 5.55 mmol) was mixed with
KBr (1 g, 8.40 mmol) in an ice bath. A mixture of
icy cold H2SO4/HNO; (10 mL/15 mL) was then
added dropwise, and the reaction was subsequently
refluxed for 3 hours. The hot yellow solution was then
poured into 500 mL ice water and neutralized with
NaOH where a yellowish milky solution formed. The
desired product 2 was extracted by CH,Cl, and the
volatiles were evaporated under vacuum. The obtained
solid was recrystallized from hot methanol, collected
by suction filtration, and dried under vacuum to yield
dione 2 in 77.6% yield (0.9 g).

Synthesis of dppz ligand (4). A mixture of 2 (0.5 g,
2.4 mmol) and 1,2-phenylene diamine 3 (0.398 g, 3.7
mmol) was dissolved in dimethylformamide (DMF).
The reaction mixture was placed in an oil bath and
refluxed for 4 hours, after which it was cooled to
room temperature to produce a yellowish orange
precipitate. The solid was collected by filtration,
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washed with cold ethanol and vacuo dried. Dppz 4
was afforded in 74.6% yield (0.5 g).

Synthesis of RuCl,(DMSQO). complex (5). Complex 5
was synthesized following the procedure described by
Evans et al. [29], whereby ruthenium trichloride
hydrate (0.5 g, 2 mmol) was refluxed in DMSO (3
mL) for 5 min until reducing the volume to half
under vacuum. Acetone (10 mL) was then added to
induce the formation of a yellow precipitate, which
was subsequently filtered, washed with acetone and
diethyl ether and dried under vacuum. The complex
was recrystallized from hot DMSO to yield ruthenium
complex 5 in 77% yield (0.75g).

Synthesis of Ru(dppz)Cl(DMSQ), complex (6).
RuClz(DMS0), (0.1 g, 0.2 mmol) and dppz (0.056 g,
0.2 mmol) were dissolved in ethanol (30 mL). The
mixture was maintained under reflux for 2 hours, and
then cooled to room temperature to form a creamy
white precipitate. The precipitate was filtered and
dried under vacuum to yield the desired complex 6 in
57.5% (0.069 g).

Spectroscopic characterization

FTIR spectra of the prepared Ru complexes were
obtained using a JASCO FT/IR-6300 spectrometer
(400 - 4000 cm'?). Solid-state spectra were recorded
in KBr dispersed pellets. NMR spectra were recorded
on a Bruker DSX-400 spectrometer. 'H-NMR spectra
were obtained on samples spun at the magic angle at
~ 10 kHz with a pulse time interval of 2 sec and pulse
duration 2 ps. 3C-NMR spectra were obtained on
samples spun in the cross-polarization magic angle at ~
5 kHz, with a pulse interval of 2 sec, a pulse duration
of 3.5 us and a contact duration between the H and
the C of 5 ms. *C-DEPT-135 was also obtained to
determine the presence of primary, secondary and tertiary
carbon atoms in the prepared Ru complex.
Physiochemical characterization

Several physiochemical properties of the prepared
complexes were determined by employing MolSoft
(MolSoft, 2007) software, which represents physico-
chemical parameters as numerical numbers. The
assessed parameters were molecular weight (MW),
the number of hydrogen bond acceptors (HBA), the
number of hydrogen bond donors (HBD), partition
coefficient (log P), solubility (log S), polar surface
atoms (PSA), volume (VOL), percentage of absorption
(%ABS), blood brain barrier (BBB) score and drug
likeliness score (DLS).

Virtual screening via molecular docking

3D structures of Ru complexes were drawn and
optimized by ChemSketch software, and subsequently
docked with DNA segments Adenosine-Adenosine
DNA Mismatch using AUTODOCK 4.2.6 software in
order to screen for the basic DNA-ligand interactions.
The prepared Ru complexes having conformational
stability and structural diversity were docked with the
crystal structure of 5 D (*CP*GP*GP*AP*AP*AP*
TP*TP*AP*CP*CP*G)-3' DNA (PDB ID: 4E1U).
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Antibacterial activity assessment

The prepared Ru complexes were screened for their
in vitro antibacterial activity against four pathogenic
bacterial strains, namely E. coli, E. faecalis, P.
aeruginosa and S. aureus.

Determination of minimum inhibitory concentration
The minimum inhibitory concentration (MIC) of Ru
complexes was determined using the broth dilution
method. For that purpose, Ru complexes were dissolved
in DMSO and serially diluted (two-fold) in broth
medium until achieving a final concentration of
DMSO less than 5%. Solutions containing Ru complexes
were prepared at varying concentrations (5, 25, 50
and 100 ug/mL). Chloroxylenol was selected as a
positive control and was dissolved in ultrapure water.
All stock concentrations of complexes and antibiotic
were filter-sterilized using 0.20 um syringe filter.
Two experimental protocols were followed. The first
involved adding microbial suspensions (300 pL) and
Ru complexes (300 pL) to each of the agars and
incubated at 37°C for 24 hours. The second protocol
involved adding the Ru complexes individually (300
puL) to agars during preparation, followed by the
addition of microbial suspensions (300 pL) after
cooling the agars to room temperature. Similar
procedures were conducted for the positive control,
while the negative control contained the test bacteria
and sterile distilled water only. After incubation, the
visual turbidity was detected and recorded. MIC was
considered as the lowest concentration of Ru
complexes at which the microbial colonies were
completely absent.

Assessing bacterial susceptibility to Ru complexes
The susceptibility of the tested bacterial strains to the
Ru complexes was evaluated by the disk diffusion
assay and measuring the zones of growth inhibition.
Amoxicillin, chloramphenicol, streptomycin and
tetracycline were selected as positive controls for anti-
bacterial assessment. Ru complexes at a concentration
of 30 ng/mL (based on MIC) and standard antibiotic
drugs were diluted in double-distilled water using
nutrient agar tubes. Mueller-Hinton sterile agar plates
were seeded with indicator bacterial strains (108 CFU)
and allowed to incubate at 37°C for 3 hours. The
zones of growth inhibition around the disks were
measured after 18 - 24 hours of incubation at 37°C
for bacteria. The sensitivity of bacterial strains to the
prepared Ru complexes was determined by measuring
the sizes of inhibitory zones (including the diameter
of disk) on the agar surface around the disks, and
values < 8 mm were considered as not active against
bacteria.

Anticancer activity assessment

Antiproliferative activity. The MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell
viability assay was used to assess the antiproliferative
activity of the complexes. Briefly, HCT-116 and MCF-
7 (ER*, PR*", HER2") cells were seeded in 96-well
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plates at a concentration of 2 x 10° cells/mL and
allowed to grow. Cells were treated with varying
concentrations of drug complexes for 48 hours
against a negative control. Following the treatment
period, cell viability was measured by adding 10 pL
of MTT reagent to the plates, which were then
incubated in a humidified incubator at 37°C (95% air,
5% COy) for two hours. Quantitation of the formed
formazan crystals was calorimetrically recorded at
570 nm against a blank. The percentage of cell
viability was reported correspondingly by dividing the
average absorbance of the complex treated cells by
the control of non-treated cells. Viability graphs were
plotted as % viable cells versus drug concentration
(logarithmic scale) for determining the 1Cso (drug
concentration at which 50% of the cells are viable
relative to the control).

Western blotting. Protein expression levels were
assessed following the migration of equal protein
concentrations in a 12% sodium dodecyl sulphate
(SDS)-polyacrylamide gel electrophoresis in three
independent Western blot assays. Cell extracts were
prepared by adequate dilution in distilled water and
a constant 10 pL volume of Laemmli loading buffer
(0.25 M Tris-HCI, pH 6.8; 4% SDS; 20% glycerol;
bromophenol blue and 5% B-mercaptoethanol). The
lysates were loaded into the gel and allowed to stack
for 30 minutes at 50 V, followed by migration in the
resolving gel at 100 V. Proteins were then
transferred into a 0.45 mm nitrocellulose membrane
in methanol transfer buffer for 2 hours at a constant
voltage of 50 V. Following overnight blocking in 5%
non-fat milk at 4°C, membranes were incubated with
primary antibodies anti-p53, anti-Bcl-2 and anti-Bax
for 2 hours at room temperature. For loading controls,
anti-p-actin antibody was used. Membranes were then
washed 6 times for 5 minutes in TBS1X-0.001% or
0.0002% Tween at room temperature, followed by 1-
hour incubation with adequate secondary horseradish
peroxidase (HRP)-conjugated antibodies. Both primary
and secondary antibodies were diluted in 5% non-fat
milk, except for anti-B-actin antibody, which was
diluted in TBS1X-0.001% Tween. Protein expression
signals were then visualized on the developed membrane
using Clarity Western enhanced chemiluminescence
(ECL) blotting substrate (Bio-Rad) on the ChemiDoc
imaging system (Bio-Rad).

Statistical analysis

All data are represented as mean + standard deviation.
Data was analysed by one-way ANOVA test for
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multiple comparisons and unpaired Student’s t test
using Graph Pad Prism 6 software. Values considered
statistically significant for p-value < 0.05.

Results and Discussion

Synthesis and characterization of Ru(ll) complexes
The synthetic route (Figure 1) leading to the preparation
of the Ru(ll) complexes started by the preparation of
the dppz ligand 4 via oxidation of 1,10-phenanthroline
(1) in HNO3/H2SO4 under reflux conditions to yield
5,6-dione 2 [28], which was further reacted with o-
phenylene diamine to afford the desired ligand. The
synthesis of Ru(dppz)(DMS0),Cl, complex 6 was
achieved by reacting cis-Ru(DMSQ)4Cl, complex and
dppz ligand. cis-Ru(DMS0)4Cl, complex 5 constituted
a suitable ruthenium source because of its empirically
proven anticancer activity and stable octahedral geometry
[30], in addition to the ease of displacing two DMSO
ligands with a single bidentate ligand such as dppz
[31]. In fact, the large aromatic surface area on the
dppz ligand permitted the feasible coordination to the
metal centre [27]. Therefore, cis-Ru(DMSO)4Cl, 5
was accessed by refluxing RuCls hydrate in DMSO
following a well-established method [29]. Simple
ethanolic reflux of 5 with dppz ligand 4 yielded the
desired Ru(dppz)(DMSO).ClI; 6 in acceptable yield
(Figure 1). Spectroscopic analysis by NMR and FTIR
confirmed the successful synthesis of the ruthenium
complexes.

Particularly, the 'H-NIMR spectrum of Ru(dppz)(DMSO).Cl,
showed the presence of characteristic peaks of the
dppz ligand as evident by the downfield peaks between
7.00 to 9.37 ppm (Figure 2a). These peaks correspond
to the aromatic protons of the ligand, thereby proving
its presence in the complex. The *C-NMR spectrum
of Ru(dppz)(DMSO)Cl,, showed the presence of 18
peaks in the region 127 - 155 ppm, suggesting the
presence of one dppz ligand connected to Ru(ll) core.
Eight of these peaks corresponded to the quaternary
carbon atoms as they disappeared in the **C-DEPT-
135 spectrum, while the other 10 peaks corresponded
to the aromatic C-H (Figure 2b). Asymmetry in the
13C-NMR is probably due to the chelation of two
DMSO molecules, which expresses different magnetic
effect on the dppz ligand chelated to the ruthenium
compound. Thus, the primary structural characterization
by NMR analysis were in agreement with the composition
anticipated for the complexes.
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FTIR spectroscopy provided a better understanding
of the coordination of DMSO and dppz to the Ru
centre and validate their binding mode. As shown in
Figure 3, Ru(DMSO).Cl, complex exhibits a characteristic
peak at 1080 cm™' that corresponds to the Ru-S-
bonded DMSO [30] and suggested the coordination
of DMSO molecules within the Ru centre. The
presence of bands between 3000 cm™ and 3200 cm?
characteristics of =C—H stretching vibrations supported
the successful coordination of dppz to Ru centre.
These bands are absent in the spectrum of cis-
Ru(DMSQ)4Cl,. On the other hand, the presence of

300

DMSO ligands in both complexes is evidenced by
the bands between 2850 cm™ and 2950 cm' attributed
to the C-H stretching vibrations in the methyl groups
of DMSO, as well as by the two strong bands at ~
1106 cm* and 1014 cm assigned to the stretching of
the S=0 bond. The latter absorption bands signalled
that DMSO is S-bonded to the metal core rather than
O-bonded since O-bonded DMSO would be expected
to appear at around 930 cm [32]. These bands became
less intense in the IR spectrum of Ru(dppz)(DMSO).Cl,
indicating the replacement of some DMSO molecules
by dppz ligand.

Ru(dppz)(DMSO),Cl,
{ ——Ru(DMS0),Cl,
——dppz
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Figure 3.
FTIR spectrum of dppz, Ru(DMSQO)4Cl, and Ru(dppz)(DMSO).Cl, complexes

Physiochemical characteristics

The development of metal-based complexes as medicinal
agents is chiefly influenced by multiple physicochemical
properties. For instance, a reduced molecular flexibility
(as assessed by the number of rotatable bonds), a low
polar surface area and a high total hydrogen bond
count (the sum of donors and acceptors) are all critical
predictors of improved oral bioavailability [1].
Additionally, membrane permeability and bioavailability

are usually linked to fundamental molecular characteristics,
such as partition coefficient (logP), molecular weight
(MW) and the number of hydrogen bond acceptors
(HBA) and donors (HBD) in a molecule [33]. In the
present study, the physiochemical parameters of
Ru(DMSO0)4Cl. (5) and Ru(dppz)(DMSO).ClI, (6) were
elucidated using a molecular modelling software
(MolSoft) and the results are enlisted in Table 1.

Table |

Physiochemical properties of the prepared Ru complexes predicted using MolSoft (2007) software

Physiochemical properties | cis-Ru(DMS0)4Cl2 | Ru(dppz)(DMSO).Cl:
Molecular Formula CsH30Cl204RUS4 C22H13CI2N4O2RUS2
MW 489.94 636.13
HBA 4
HBD 8
LogP -6.99 -3.48
LogS 0.2 0.17
PSA 82.21 76.04
VOL 223.05 452.8
%ABS 80.638 82.766
BBB 2.19 2.38
DLS -1.29 -1.26
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In general, a logP coefficient less than 5, a molecular
weight less than 500, a number of HBAs less than 10
and a number of HBDs less than 5 are all
characteristics of molecules with potentially high
membrane permeability. These characteristics are
known as “rule-of-five” or “Lipinski's rule of drug-
likeness” [34]. The hydrogen-bonding capability is
recognized as a key factor in determining medication
permeability. Commonly, when a compound has
more than 5 HBDs and 10 HBAs, it is more likely to
have a poor oral bioavailability. Results of the present
study showed that the prepared Ru(ll) complexes 5
and 6 have logP values less than 5 (-6.99 and -3.48,
respectively). They were also shown to possess 4
HBAs (< 5), but 6 and 8 HBDs (< 10), respectively.
Furthermore, compound solubility (assessed as logS)
is a critical parameter that determines compound's
transition from the administration state to the level of
reaching the bloodstream. Insufficient solubility of
medications is widely recognized as an underlying
cause of inadequate absorption [33]. Our findings
showed relatively high logS of 0.2 mol/L for
Ru(DMSO).Cl, and 0.17 mol/L for Ru(dppz)(DMSO).CL.
Collectively, these values indicated that both complexes
meet the criteria of good absorption of compounds.

The polar surface area (PSA) is the sum of the
surfaces of polar atoms in a molecule (typically
oxygen, nitrogen and connected hydrogen). It is a
highly valuable parameter for predicting compound
transport characteristics [35]. Ideally, molecules with
PSA less than 120 A have good oral bioavailability.
The prediction model applied in the current study
calculated PSA of 82.21 A for Ru(DMSO)4Cl, and
76.04 A score for Ru(dppz)(DMSO),Cl. These values
are considered suitable for compounds with high oral
bioavailability. Absorption, measured as percent
absorption (%ABS), is used to represent the magnitude
of the molecule’s translocation from the intestines to
the blood circulation. The %ABS ranged from 80.63%
for Ru(DMSO0)4Cl, to 82.76% for Ru(dppz)(DMSO),Cl,,
thereby indicating that both complexes are highly
absorbed and translocated. It is worth noting that PSA
and volume (VOL) are inversely related to %ABS
[33], where molecules with high PSA being polar,
and therefore, have lower tendency the cross the cell
membranes of the cells making up the intestine lining.

The ideal drug-likeness score (DLS) for a potential
drug is 1, and any substance with a DLS close to
unity is deemed to have drug-like properties [36].
The calculated DLS score for Ru(DMSO).Cl, and
Ru(dppz)(DMSO).Cl, complexes are -1.29 and -1.26,
respectively. Another important parameter that provides
valuable insights into the ability of a given medication
to cross the blood brain barrier (BBB) and reaches
the brain cells is the BBB score. Given that a BBB
score between 0 and 6 is said to be optimal [37],
Ru(DMSO0)4Cl, and Ru(dppz)(DMSO),Cl, complexes
had scores of 2.19 and 2.38, indicating their ability
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to cross the BBB. The overall evaluation of the
physiochemical characteristics for Ru(Il) complexes
suggested that they are readily absorbed upon oral
administration and can be considered candidate lead
molecules with acceptable drug-like characteristics.
Virtual screening via molecular docking

Molecular docking is an appealing technique that sheds
light into drug-biomolecule interactions. Specifically,
DNA is considered a potential target for metal-based
drugs [38]. To gain insights into the DNA binding
mode of the prepared Ru complexes and their most
probable binding site, molecular docking studies were
performed under the assumption that DNA and Ru
complexes are rigid. The molecular docking technique
is of utmost importance as it can contribute to rational
drug design and mechanistic studies by placing a small
molecule into the binding site of the DNA target
region, mainly in a non-covalent mode [39]. In this
work, docking studies have been performed on the
prepared complexes with B-DNA (PDB ID: 4E1U)
5-D (*CP*GP*GP*AP*AP*AP*TP*TP*AP*CP*
CP*G)-3' to explore the most feasible binding site,
interaction mode and binding affinity.

Figure 4.
Binding pose of the complexes in the binding site in
DNA 4E1U: (a) Ru(DMSO0)4Cl; and
(b) Ru(dppz)(DMS0)4Cly;
(hydrogen bond in (b) is shown in red colour)

As shown in Figure 4, Ru(DMSO).Cl, and
Ru(dppz)(DMSO).Cl, complexes interacted with DNA
through partial intercalation at the major groove. The
resulting relative binding energies of docked
complexes with DNA are -8.81 and -15.93 kcal/mol for
Ru(DMSO0)4Cl, and Ru(dppz)(DMS0).Cl, complexes,
respectively. In fact, higher negative binding energy
suggests stronger DNA-binding affinity [39]. Thus,
it can be deduced that the DNA-binding affinity of
Ru(dppz)(DMSO).Cl, complex is better than that of
Ru(DMSO)4Cl,. The higher binding affinity of complex
Ru(dppz)(DMSQ),Cl, can be rationalized by the
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presence of a stabilizing hydrogen-bonding interaction
between the complex and DNA with a length of 2.5 A.
Our findings regarding the molecular docking of
Ru(DMSO0)4Cl, complex are in agreement with previous
molecular docking studies that were employed to
understand the DNA-binding mode of this complex
[40]. Similarly, previous molecular docking reports
have shown an intercalative mode of binding between
various Ru complexes and DNA base pairs, such as
Ru(ll)-polypyridyl complexes [41, 42], Ru(ll)-hydrazone
complexes [43] and Ru(ll)-chalcone complexes [44].
More importantly, our findings are consistent with
similar studies involving Ru complexes with dppz
ligands, such as [Ru(bpy).dppz-idzo]?* [45] and
[Ru(bpy).dppz]?* [46], which are well-documented
for their ability to bind to DNA’s major groove and
to be stabilized by hydrogen bonding [27].

Assessing antibacterial activity

Antibacterial studies were performed on two Gram-
positive (E. faecalis and S. aureus) and two Gram-
negative (E. coli and P. aeruginosa) bacteria. The
MIC of the prepared Ru complexes was determined
using the microdilution agar method, where four
concentrations (5, 25, 50 and 100 pg/mL) of each
complex were tested. The antibacterial activity of the
Ru(ll) complexes was compared to 1% chloroxylenol,
a commercial antibiotic used as a positive control in
the current study, and results are summarized in
Table 1l. Remarkably, the dppz-based complex 6
showed a better antibacterial activity against all tested
bacterial strains with a lower MIC of 50 pg/mL
compared to 100 pg/mL for complex 5.

Table 11

Number of colonies of bacterial strains treated with Ru complexes at different concentrations. MIC was
determined as the lowest complex concentration that did not result in visual growth of microorganisms

Test compound Concentration - N“”?ber of Colonlgs
E. coli E. faecalis P. aeruginosa S. aureus
Negative control 0 1475+3.64 | 150+3.81 140.5 + 2.96 167.25 +3.03
Chloroxylenol 1% 0 0 0 0
5 45.75+3.03 | 60.25+2.59 64.5+3.35 69.25 +3.03
25 16.25+3.34 | 30.25 +2.59 30.00 +2.92 39.25 +2.86
RU(DMSO)CLz (ng/mL) 50 375238 | 2.75£130 | 500224 6+ 2.24
100 0 0 0 0
5 18.25+2.59 | 35.25 +3.49 50.00 +3.39 355+4.15
Ru(dppz)(DMSO):Clz (ug/mL) 25 9.00+1.87 | 11.00+1.87 7.25+1.48 4,75+1.92
50 0 0 0 0
100 0 0 0 0

Measurements were done in triplicates

In addition, the MIC for the Ru(ll) complexes was
determined from a different experimental set-up to
assess their utility in preventing bacterial infections.
In specific, the Ru complexes were added at different
concentrations into the preparation of growth media
before culturing the bacterial strains on the agar
plates. The obtained results, presented in Table I11,
corroborated those observed in the first setup where
MIC of 50 pg/mL and 100 ug/mL were obtained for
the Ru (I1) complexes, respectively, against all bacterial

strains. It is worth remarking that our reported
antibacterial activity is comparable to what was described
for other dppz-based Ru complexes, such as the
[RuCI(CO)(dppb)(dppz)]PFs complex (20 pg/mL)
[47] and the [Ru(2,9-Mezphen) (dppz)]?* complex
(26 png/mL) [48]. Further, our results are better than
those obtained by Liu et al. [49], who reported
noticeable activity for [Ru (phen)2(dppz)]?>* complex
(64 - 128 pug/mL) against Gram-negative bacteria.

Table 111

Number of colonies of bacterial strains pre-treated with Ru complexes at different concentrations. MIC was
determined as the lowest complex concentration that did not result in visual growth of microorganisms

Test compound Concentration - Num_ber of Colonles_
E. coli E. faecalis P. aeruginosa S. aureus
Negative control 0 129.50 +3.64 | 149.50+2.95 | 140.75+2.68 | 169.25+ 3.34
Chloroxylenol 1% 0 0 0 0
5 45,00 £4.12 55.25 + 3.49 44,00 + 3.39 31.50 +4.92
25 10.00 +2.73 475+1.92 4.00+£2.24 7.75+1.92
Ru(DMSO0)4Cl2 (ng/mL) 50 0 0 0 0
100 0 0 0 0
5 24.75 £ 3.96 3450 £2.95 26.50 +4.39 39.50 £2.96
Ru(dppz)(DMSO).Cl: (ug/mL) 25 2.00+1.22 250+1.11 3.00 +1.58 3.25+1.92
50 0 0 0 0
100 0 0 0 0

Measurements were done in triplicates
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The antibacterial activity of the prepared Ru complexes
was further assessed using the disc diffusion assay at
a concentration of 20 pM and compared to that of
reference antibiotics (Table IV and Figure 5).
Ru(DMSO)4Cl, complex induced zones of growth
inhibition between 10.2 mm and 15.7 mm which are
comparable to those obtained using amoxicillin (9.6 -
20.1 mm). At the same tested concentration,

Ru(dppz)(DMSO),Cl, complex exhibited a stronger
antibacterial activity and induced zones of growth
inhibition in the range 16.7 - 19.7 mm. The anti-
bacterial activity of Ru(dppz)(DMSQ),Cl, complex
was comparable to several commercial antibiotics
such as amoxicillin, streptomycin and tetracycline
(Table IV).

Table IV

Zones of bacterial growth inhibition by Ru complexes and some clinically used antibacterial agents against some

bacterial strains

. Diameter of growth inhibition zone (mm)

Test Compound Concentration/ug E. coli E. faecalis S. aureus P. aeruginosa
Amoxicillin 30 17.5 +0.607 20.1 £0.426 | 9.60 + 0.506 14.5 £ 0.491
Streptomycin 10 16.1 £0.210 21.6+0.611 | 19.5+0.790 15.9 +£0.486
Tetracycline 30 15.2+£0.421 19.0+0.253 | 18.6 +0.491 19.8 = 0.306
Chloramphenicol 30 20.9 +0.253 20.9+0.827 | 21.7+0.850 18.5 +0.548
Ru(DMSO0)4 Cl2 20 11.8+0.943 15.7 £ 0.486 10.2+0.219 13.8 +0.253
Ru(dppz)(DMSO)2Cl2 20 17.8 +0.643 19.7+0.556 | 16.7 +0.599 17.7 +0.491

Experiments were done in triplicates, and values were reported as mean + standard deviation
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Figure 5.
Statistical analysis of the zones of bacterial growth inhibition. Data are represented as mean + SEM, statistical
significance was assessed using Student's t-test (* p < 0.05; ** p < 0.01; *** p < 0.001) for activity between
Ru(DMSOQ)4Cl, and Ru(dppz)(DMSO),Cl,

The promising activity of our novel Ru(dppz)(DMSO).Cl,
complex could be attributed to the fact that Ru
complexes are usually positively charged, which allows
their interaction with several bacterial targets, such
as phospholipids located in the bacterial membrane
and cell wall [50]. Moreover, it is important to note
that chelation increases the ability of complexes to

1137

permeate microorganisms’ cell membranes through
reducing the polarizability of the metal [51]. The
Ru(dppz)(DMSO0).Cl, complex is apparently more
lipophilic than its precursor Ru(DMSO)4Cl, complex
due to the phenyl rings in the dppz ligand. Therefore,
penetration through bacterial cell wall is much more
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conceivable than with the Ru(DMSOQ)4Cl, complex,
leading to greater zones of bacterial growth inhibition.
Nevertheless, measuring Ru uptake is warranted to
confirm such justification. Furthermore, Ru(dppz)-
(DMSO).Cl; is more effective against Gram positive
and negative bacteria than Ru(DMSO0)4Cl,, despite
both compounds having an antibacterial action. In
fact, ruthenium(Il) complexes have been shown to
bind DNA and RNA in live bacteria. As bacterial
DNA and RNA are located in the cytoplasm of the
microorganisms rather than the nucleus [52], they are
more susceptible to intercalation by the ruthenium
complexes [49], which is what gives these compounds
their antibacterial effect.

The capacity of Ru(dppz)(DMSO).Cl, to bind to
nucleic acids through intercalation will also increase
in the presence of dppz compared to Ru(DMSO)4Cl,
precursor probably through n-w stacking with the nucleic
acid bases. As a result, dppz play a critical role in
increasing the activity of Ru(dppz)(DMSO0).Cl; by
increasing the ability of interaction and binding to DNA
and RNA, resulting in enhanced bactericidal activity [49].
Cytotoxic activity

The cytotoxicity profiles of the prepared Ru complexes
were assessed using human carcinoma cell lines,
namely HCT-116 (colorectal) and MCF-7 (breast).
Colorectal and breast cancers are among the most
intimidating causes of death worldwide [53]. Although
platinum (Pt)-based anticancer drugs have been
commonly used to treat these cancers, their toxicity
and development of resistance by cancer cells have
piqued interest in using Ru-based drugs as alternatives
[54]. In general, most of the studied Ru complexes
are cytotoxic against these types of cancers, with ICsp
values ranging from 10 pM to 50 puM [55]. The
resulting dose-response curves obtained following
treatment for 48 h are depicted in Figure 6, and the
corresponding cytotoxic potency (expressed as ICso
values) is summarized in Table V. The cytotoxicity of
the tested complexes was found to be concentration
dependent. In general, Ru(DMSO)4Cl, showed moderate
cytotoxicity against both human cancer cell lines
with ICso values of 45.8 uM and 54.6 uM in HCT-
116 and MCF-7 cell lines, respectively. In contrast,
Ru(dppz)(DMSO),Cl, demonstrated stronger cytotoxic
activity than Ru(DMSO0)4Cl, against both cell lines,
whereby it exhibited 1Cso values of ~ 12.6 and 13.6 in
HCT-116 and MCF-7 cell lines, respectively (Table V).
Our findings agree very well with previous studies
showing that Ru(ll) complexes containing dppz exert
an enhanced anticancer activity against cancer cells
[26, 27]. The high cytotoxicity of Ru(dppz)(DMSO).Cl,
could be attributed to the lipophilicity of the dppz
ligand, given that the cytotoxicity of several metal-
based anticancer complexes increases with an increase
in their lipophilicity [56]. Furthermore, several studies
reported that lipophilicity (log P value) of Ru-based
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complexes is positively correlated to higher cellular
uptake, which results in higher cytotoxicity [57, 58].

Table V

ICs0 (M) values for Ru(DMSO0)4Cl, and Ru(dppz)

(DMSO)Cl; complexes in HCT-116 and MCF-7 cell

lines. Statistical significance was assessed by Student’s

two-tailed t test.

1Cs0 (UM)
Complexes HCT-116 | MCF7
Ru(DMSO).Cl, 45.80 £ 048" | 54,60 + 0.35°
Ru(dppz)(DMSO).Clz| 12,60 + 0.40° | 1357 = 0.43°

Different superscript letters in the same column indicate
significant difference (p < 0.01)
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Figure 6.
Dose-response curve of the complexes at different
concentrations in HCT-116 and MCF-7 cell lines:
(a) Ru(DMSO0).Cl; and (b) Ru(dppz)(DMSO0),Cl,
OD was measured after 48 hours of treatment and
compared to untreated cells (control)

Experiments were done in triplicates and data is reported

as mean + standard deviation

Ruthenium compounds are known to bind to DNA
with a high degree of selectivity. By hydrolysing
their ligands, the electron-deficient metal atoms in
these complexes could serve as electron acceptors for
electron-rich DNA nucleophiles. In addition, metal-
based drugs with ligands characterized by wide planar
aromatic surfaces (such as dppz) can intercalate
between the base pairs of double-stranded DNA and
form stable complexes through non covalent interactions
such as -7 stacking, Van der Waals forces, hydro-
phobic interactions and electrostatic attractions [59].
In fact, the strong binding affinity of the intercalator
with DNA stabilizes the latter’s double helix structure
and effectively disrupt the binding of the nuclear factor-
kB (NF-kB) transcription factor to DNA sequences,
limiting cellular transcription and causing irreversible
cancer cell death [60, 61]. Studies by linear and circular
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dichroism spectroscopies revealed that upon intercalation
of dppz ligand between the base pairs, the Ru complex
binds from the minor groove thus corroborating the
results of the molecular docking experiments conducted
in the current study [62].

Western blotting analysis

Although the prepared dppz-containing Ru complex
exhibited higher cytotoxicity against HCT-116 and
MCEF-7 cell lines, the precise molecular mechanisms of
action of this complex are warrant exploring to
decipher the mode of cell death. In general, cell death
can be caused by apoptosis, necrosis, or autophagy.
Apoptosis is mainly induced by the activation of the
internal or external (death receptor mediated)
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pathways. The internal pathway, also called the
mitochondria mediated pathway, is triggered by DNA
damage, oxidative stress and endoplasmic reticulum
(ER) stress. These stimuli induce the release of
cytochrome C from the mitochondria leading to the
activation of various apoptotic proteins. A growing body
of evidence suggests that Ru(ll) complexes potentially
induce cancer cell death via apoptosis [63-65]. Thus,
aiming to assess the apoptotic potential of our novel
Ru(dppz)(DMSO0).Cl, complex against HCT-116
cells, its effect on the expression levels of some key
proteins in the internal apoptotic pathway, namely
p53, Bax and Bcl-2, was investigated using Western
blotting.
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Figure 7.
Western blot analysis of the protein expression levels in control and Ru(dppz)(DMSO),Cl,-treated HCT-116
cells:(a) p53, (b) Bax and (c) Bcl-2
Results are presented as average fold-change in protein level normalized to GAPDH. Data are presented as mean = standard
deviation. Statistical significance was assessed using Student's t-test (* p < 0.05; ** p < 0.01; *** p < 0.001) for band density
between different concentration of Ru(dppz)(DMSO)2Cl2 and control
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The tumour suppressor protein p53 plays a fundamental
role in cellular response to DNA damage [66]. p53
plays a prominent role as a facilitator of DNA repair
by halting the cell cycle to allow time for the repair
machineries to restore genome stability [67].
Therefore, targeting p53 activity is regarded as an
important strategy in cancer therapy as its
overexpression is implicated in the inhibition of
cancer cells’ division and growth [68]. As shown in
Figure 7a, treating HCT-116 cells to 5 - 50 uM of
complex Ru(dppz)(DMSO0).Cl; for 24 h resulted in
a noticeable dose-dependent increase in p53 levels.
This implies that cell apoptosis or DNA damage was
triggered in HCT-116 cells upon treatment with the
dppz-based ruthenium complex.

In order to confirm that Ru(dppz)(DMSO).ClI; - induced
activation of p53 is associated with activating the
mitochondrial pathway in apoptosis, Western blotting
analysis was performed for Bax and Bcl-2. Previous
studies have demonstrated that p53 promotes the
transcription of the pro-apoptotic protein Bax, which
regulates the release of cytochrome C from the
mitochondria and results in cell apoptosis by activating
caspase-3 and caspase-9 [69]. In contrast, Bcl-2 is an
anti-apoptotic protein that governs mitochondrial
outer membrane permeabilization and suppresses
apoptosis [70]. Similar to p53 results, Bax level was
found to be dose-dependently upregulated in HCT-
116 cells treated with Ru(dppz)(DMSO0),Cl; as shown
in Figure 7b. On the other hand, Bcl-2 was dose-
dependently down-regulated in HCT-116 cells following
treatment by the same complex (Figure 7c). These
results suggested that Ru(dppz)(DMSO).Cl, upregulates
p53 level and its downstream target gene Bax while
it downregulated that of Bcl-2. Such changes impair
mitochondrial outer membrane permeabilization leading
to the release of cytochrome C, an apoptosis-inducing
factor, into the cytosol, which induces apoptotic cell
death of cancer cells. Collectively, these findings
demonstrated that the mitochondrial pathway was
implicated in cellular apoptosis driven by Ru(dppz)
(DMSO0),Cl, complex.

Conclusions

The majority of the physiochemical characteristics of
the Ru complex were desirable, suggesting relatively
high drug likeness that supports our results. Interestingly,
the complex exhibited an intercalative mode of DNA
binding, rendering DNA a potential biological target
for this complex. Biological investigations showed a
remarkable antibacterial activity of this complex
against Gram-positive (E. faecalis and S. aureus) and
Gram-negative (E. coli and P. aeruginosa) bacterial
strains. Moreover, the anticancer activity of this
complex was perceived against colorectal and breast
cancer cells in vitro. More specifically, the results of
the present study suggested that this complex
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effectively inhibited cell proliferation and induced cell
apoptosis via the activation of the mitochondrial
apoptotic signalling pathway. Taken together, these
findings suggested a promising medical potential for
the prepared complex in treating bacterial infections
as well as cancer. The strong anticancer potential can
be further delineated against other cell lines, and
further in vivo investigations are warranted to confirm
the biological effects and provide a comprehensive
toxicity profile. Additional studies that will aim at
enlightening the potential of this complex in suppressing
cancer cell adhesion, migration and invasion are needed.
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