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ARTICLE INFO ABSTRACT

The development of both chemotherapeutic drug resistance as well as adverse side effects suggest that the
current chemotherapeutic drugs remain ineffective in treating the various types of cancers. The development of
new metallodrugs presenting anti-cancer activity is therefore needed. Ruthenium complexes have gained a great
deal of interest due to their promising anti-tumour properties and reduced toxicity in vivo. This study highlighted
the effective induction of cell death in a malignant melanoma cell by two novel bis-amino-phosphine ruthenium
(II) complexes referred to as GA105 and GA113. The ICs, concentrations were determined for both the com-
plexes, the ligand and cisplatin, for comparison. Both complexes GA105 and GA113 displayed a high anti-cancer
selectivity profile as they exhibited low ICso values of 6.72 uM and 8.76 pM respectively, with low toxicity
towards a non-malignant human cell line. The ICs, values obtained for both complexes were lower than that of
cisplatin. The new complexes were more effective compared to the free ligand, GA103 (ICso = > 20 pM).
Morphological studies on treated cells induced apoptotic features, which with further studies could indicate an
intrinsic cell death pathway. Additionally, flow cytometric analysis revealed that the mode of cell death of
complex GA113 was apoptosis. The outcomes herein give further insight into the potential use of selected Ru(II)
complexes as alternative chemotherapeutic drugs in the future.
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Melanoma and Piano-Stool

Melanoma is an aggressive form of cancer and has an exceptionally
high incidence rate worldwide, evident from the increase seen over the
past 50 years. Modern therapeutics remain a challenge (high-priced
cost and the unavailability of functioning equipment) in melanoma
treatment."” Cytotoxic platinum-based chemotherapy is not so effective
in targeting melanoma, as such the overall survival of melanoma pa-
tients is uncertain when compared to other cancer types. Alternative
anti-cancer metallodrugs, which incorporate different transition metals
from the platinum group series, such as ruthenium, need to be devel-
oped.”

Given the success of platinum-based therapies, interest in ruthenium
complexes (which also share chemical similarity and comparable ligand
exchange kinetics to platinum) has significantly increased. A large
number of ruthenium compounds have sparked great interest due to
their promising anti-tumour properties, particularly the leading com-
plexes NAMI-A ((ImH)[trans-RuCl4(dmso-S)(Im)], Im = imidazole),
KP1019 ((IndH)[trans-RuCl,(Ind),], Ind = indazole) and KP1339 (Na

[trans-RuCl,(Ind),])), all of which are currently in clinical trials.*° In
comparison to platinum, ruthenium complexes are said to have reduced
toxicity and increased tolerability in vivo.>” This is attributed to the fact
that malignant cancerous cells over-express transferrin receptors due to
their high demand for iron. The triad metals, such as ruthenium, are
able to mimic iron in its binding to serum transferrin. In so doing, these
ruthenium complexes are biologically tolerable and may be delivered
more efficiently to the cancerous cells.”®? In addition, ruthenium
complexes are known to typically adopt different oxidation states (II,
III, and IV), assume an octahedral molecular geometry (pseudo octa-
hedral in half-sandwich complex forms) and have a relatively slow rate
of ligand exchange as compared to other transition metal complexes.®’
These characteristics have therefore made ruthenium-based complexes
attractive anti-cancer candidates.”®° For instance, under certain bio-
logical circumstances (hypoxia, acidosis and increased glutathione), the
less active and non-toxic ruthenium(III) complexes are activated by
reduction to the active ruthenium(II) complexes which have been
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Scheme 1. Synthesis of ligand (a) GA103 and complexes (b) GA105 and GA113.

shown to directly kill cancerous cells.”” Also, the slow ligand exchange
rate of ruthenium-based complexes makes them suitable for biological
use since their slow rates of ligand exchange are comparable to those of
cellular processes.””

In recent years many research groups have explored the potential
use of “piano-stool” ruthenium(II) arene complexes as chemother-
apeutic agents based on the “activation by reduction” hypothesis.”°
One such example is NAMI-AR, which was obtained by reduction of
NAMI-A'?, In their study, Sava et al. showed that the reduced NAMI-AR
was more efficient than NAMI-A in inhibiting metastatic cancerous
growth.lo In addition, other ruthenium(II) arene complexes such as [Ru
(C¢He) (DMSO) Cl,], RAPTA-C and KP1558 have also been shown to
possess promising anti-cancer and anti-metastatic potential.’

Besides arene ligands, several other ligand types including phos-
phine, nitrogen and oxygen donor ligands have featured in the design of
potential chemotherapeutic metallodrugs.'' Some ligands that contain
more than one donor atoms have been carefully designed with a rea-
sonable spacer that can allow accommodation of two metal centres to
form bimetallic compounds. Typical examples are the dinuclear bis-
phosphino-amine ruthenium(Il) complexes reported recently by
Broomfield et al.'”. Unlike the dinuclear platinum metallodrugs that
have proven to retain activity even in cisplatin resistant cell lines,"” the
cytotoxicity of bimetallic ruthenium(II) arene compounds is a field
significantly unexplored.'*'" In the study reported by Broomfield et al.,
bimetallic compounds containing a linker with two carbon atoms be-
tween the nitrogen atoms were more active compared with the com-
pounds having a longer linker.'” Findings from Broomfield et al,
amongst others, support the need to investigate bimetallic compounds
as potential anti-cancer chemotherapeutic agents.

Based on the promising biological activity of arene ruthenium(II)
complexes having phosphorus moiety as an auxiliary ligand, we syn-
thesized and characterized a novel bis-amino-phosphine ligand
(GA103) and two of its corresponding ruthenium(II) complexes (re-
ferred to as GA105 and GA113). These were screened for their anti-
cancer activity against human melanoma cancer cells A375.

Synthesis of compounds

The bis-amino-phosphine ligand (GA103) specially designed to ac-
commodate one or two ruthenium(II) centres via the phosphorus atoms
in a monodentate fashion was synthesized following a protocol illu-
strated in Scheme 1a. The reaction of GA103 with half mole equivalent
of [Ru(p-cymene)Cl,], in dichloromethane afforded complex GA105
(Scheme 1b) in a high yield of 96%. A monodentate bimetallic complex
GA113 was obtained in an excellent yield (> 99%) when one mole
equivalent of the metal precursor was reacted with the ligand as shown
in Scheme la. Both complexes were isolated as reddish-brown solids.
The two complexes readily precipitated from n-hexane as pure pro-
ducts; and thus, did not need further purification.

Elemental analysis, mass spectrometry, '"H NMR, '*C{'H} NMR and
31p {IH} NMR were used for the characterization of the complexes. The
single crystal X-ray structure of GA113 was determined, which revealed
the characteristic “piano-stool” geometry at the ruthenium centres (Fig.
S1, Supplementary information). The structure shows the n® m-bonded
arene rings with the three other ligands on the metal ions. The crys-
tallographic data and refinement parameters are listed in Table S1
(Supplementary Information). The Ru-P and Ru-Cl bond lengths for
GA113 (Table S1) are in the expected range found for similar ruthe-
nium/diaminophosphine complexes.'"'> The observed P—N bond
length of 1.696 A and the Ru—P—N bond angle of 116.24 are com-
parable to literature findings."*

Anti-cancer activities and morphological changes

The anti-cancer activity of various phosphine-based ruthenium
complexes have previously been reported.'*'*'” In this study, the anti-
cancer ability of the phosphine-based complexes including the ligand
were evaluated using an alamarBlue® proliferation assay for both ma-
lignant A375 and non-malignant HEK293 cells. This assay measures the
mitochondrial activity which is directly proportional to the cell viabi-
lity. The non-malignant HEK293 cells were used in order to identify
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Fig. 1. The percentage cell viability of human non-malignant HEK293 (dark grey) and malignant A375 (light grey) cells analysed with an alamarBlue® proliferation
assay. The cells were treated for 24 h with a concentration range of either (a) GA103, (b) GA105, or (c) GA115 dissolved in DMSO (vehicle control). In addition, a
positive control, (d) CDDP was also included at varying concentrations and compared to the treatments under study.

Table 1

Calculated ICs, concentrations for the different treatments in both non-malig-
nant HEK293 and malignant A375 cells. The Standard deviation ( = Std dev) is
indicated and is representative of at least three independent experiments.

Cell line HEK293 A375

ICsp concentrations/ + Std dev

GA103 > 20 uM > 20 uM

GA105 14.30 uM ( = 2.30 uM) 6.72 uM ( = 2.02 pM)
GA113 > 20 uM 8.76 uM ( = 1.37 pM)
CDDP > 20 uM > 20 uM

treatment that is selective for malignant cells without causing any harm
to the non-malignant cells.

Dose-response graphs were constructed in order to determine the
ICso concentrations of the various treatments including cisplatin
(CDDP) (Fig. 1). The effect of the ligand (GA103) on its own was
evaluated on both cell lines. Overall, the ligand had minimal effect on
both the cell lines with viabilities exceeding 90% (Fig. 1a). This comes
as no surprise since most ligand and complex entities show higher anti-
cancer activity when combined. For complexes GA105 and GA113, a
dose-dependent decrease in the cell viability was observed in the ma-
lignant A375 cells (Fig. 1b and ¢). Both complexes were less toxic to the
non-malignant HEK293 cells. Overall, CDDP did not have any sig-
nificant effect on either the HEK293 or A375 cells (Fig. 1d).

Following cell viability testing, the ICso concentrations were de-
termined for both the non-malignant and malignant cell models
(Table 1).

For the HEK293 cells, the ligand (GA103), complex GA113 and
CDDP had ICso values exceeding 20 uM. Furthermore, GA103 and
CDDP displayed ICso values higher than 20 uM in the A375 cells.
Complex GA105 had the lowest ICsq value (6.72 pM) in the malignant
A375 cells when compared to GA113 (8.76 uM), however it was the less
selective in comparison to GA113 in the HEK293 cells (14.30 uM
vs > 20 puM). In a study done by Aliende et al. [16a] a series of ru-
thenium complexes containing either 2-(diphenylphosphino)-1-methy-
limidazole or diphenyl-2-pyridylphosphine were tested for anti-cancer
activity in breast and pancreatic cancer cell models. The complexes
displayed ICs, values ranging from 3.3 to 62 pM for the breast and
6.6-35.33 uM for the pancreatic cancer cells after 48hr of treatment.'®
Ruthenium(II) arene complexes coordinated to a series of ligands, that
include 1, 3, 5-triaza-7-phosphaadamantane (PTA), have also been
shown to target human ovarian carcinoma cell lines that are either
resistant or non-resistant to CDDP."® In their study Pettinari et al., ob-
served that the PTA containing complexes displayed a high selectivity
profile as they were more toxic to the malignant cells (0.14-1.18 pM)
than the non-malignant HEK293 cells (2-30 uM) after 72 h of ex-
posure.'® Findings from our study are therefore in agreement with
previous literature observations indicating the toxicity of ruthenium
complexes on malignant cell lines.

To further investigate the anti-cancer effect, morphological studies
were conducted only for the malignant A375 cells. Three concentra-
tions (5, 10 and 20 pM) were chosen and are depicted in Fig. 2. These
concentrations were chosen based on the ICsy range (5 uM-20 uM)
where cellular inhibition occurred. The DMSO-treated cells appeared
confluent and intact (Fig. 2a). Meaning, DMSO had no effect on cellular
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Fig. 2. Morphological studies of A375 melanoma cancer cells after being exposed to the (a) vehicle control (DMSO) and (b) three concentrations (5, 10 and 20 pM) of
GA103, GA105, GA113 and CDDP. Images were captured after 24 h of treatment at a magnification of 200x using an inverted light microscope (n = 3). Signs of

cellular rounding and membrane blebbing are highlighted with the black arrows.

viability. For the GA103 and CDDP-treated cells, a similar morphology
was observed for all three concentrations (Fig. 2b). The cellular mor-
phology for both complexes was analysed using light microscope and
was seen to be consistent with apoptotic features such as chromatin
condensation, cell shrinkage and a decrease in the number of viable
cells.

Apoptosis is an orderly process and can be divided into two path-
ways, the mitochondrial-mediated pathway and the death receptor
pathway, both of which are controlled by apoptotic-related proteins,
well-known as caspases.’® For both the GA105 and GA113-treated
cells, the cells appeared to be less confluent and the morphology

changed as the concentration increased (Fig. 2b). The cells appeared
more rounded and some characteristics of membrane blebbing (as in-
dicated by the black arrows) could be observed, which is unique to
apoptotic cell death.”” Taken together, the morphological changes ob-
served in this study indicate that complexes GA105 and GA113 could
trigger apoptotic cell death. Previous studies have confirmed apoptotic
cell death by apoptosis-associated ccaspase activation assays.’’>> For
instance, in a study done by Bomfim et al, ruthenium(Il) complexes
with 6-methyl-2-thiouracil (6m2tu) cis-[Ru(6m2tu),(PPhs),] and [Ru
(6m2tu),(dppb)] induced caspase-mediated apoptosis in myeloid leu-
kaemia cell lines.”*
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Fig. 3. Mode of cell death in A375 malignant cells stained with FITC-Annexin V/PI. Representative flow cytometry dot plots are presented in: (a) 1% DMSO (vehicle
control) treatment, (b) treated with 10 uM GA113 (d) treated with 20 uM GA113 and (e) 100 uM CDDP (positive apoptotic control for 24 h. Quadrant 1
(Q1) = necrosis; quadrant 2 (Q2) = late apoptotic phase; quadrant 3 (Q3) = viable cells and quadrant 4 (Q4) = early apoptotic phase.

Confirmation of cell death

To confirm that the complexes induced apoptosis in the malignant
A375 cells, as predicted in the morphological studies, the mode of cell
death was investigated using FITC-Annexin-V/PI labels in flow cyto-
metry. For this specific assay, only GA113 was tested because of its low
toxicity to HEK293 non-malignant cells as well as its high selective anti-
cancer profile as compared to GA105. The flow cytometry assay ex-
ploits the exposure of phosphatidylserine (PS) protein, an event that
only occurs in apoptosis. The four quadrants in the dot plots (Fig. 3) are
designated as Q3 which represent viable cells, Q4 and Q2 represent
early and late apoptotic cells respectively and Q1 represents necrotic
cells. The DMSO-treated cells (Fig. 3a) were mostly located in Q3, the
viable quadrant, with a percentage cell population of 94.27%. Cells for
the apoptotic control, 100 uM CDDP (Fig. 3d), were mostly located in
quadrants Q4 and Q2, the apoptotic quadrants. The combined apoptotic
cell population was 93.43%. In cells treated with 10 uM of GA113
(Fig. 3b) 16.2% were in early apoptosis (Q4) and 28.83% of cells were
in late apoptosis (Q2), with minimal cells located in the necrotic
quadrant Q1. The combined early and late apoptotic populations were
45.03%. In cells treated with 20 pyM GA113 (Fig. 3c¢), most of the cell
population were located in the late apoptotic quadrant Q2, with a
percentage of 73.97%. Q4, the early apoptosis quadrant had 7.4% of
cells, bringing the total apoptotic population in 20 pM GA113 treated
cells to 81.37%.

Considering that cells treated with complex GA113 were detected in
the apoptotic quadrants in flow cytometry (Fig. 3b and d) and together
with the morphological apoptotic features observed in Fig. 2, it is evi-
dent that the mode of cell death of GA113, is apoptosis. Similar findings
in other studies have also reported the mode of cell death as apoptosis
for various phosphine-based ruthenium(II) complexes. For instance, a
study reported by Lima et al. investigated a phosphine-based ruthenium
complex, [Ru(gly)(bipy)(dppb)]PFs, which induced apoptosis in sar-
coma cells determined by flow cytometry in addition to other apoptotic
assays.”’ Additional studies are required to determine the type of
apoptosis mediated by the complex. Overall, results obtained from this
study suggest ruthenium complexes possess potential as anti-cancer
agents.

In conclusion, two novel arene ruthenium(II) complexes bis-phos-
phino-amine ligand were synthesized, characterized and tested for anti-
cancer potential against a malignant melanoma cell line as well as a
non-malignant cell line. GA113 displayed a highly selective anti-cancer
profile as it hindered cellular proliferation in malignant A375 mela-
noma cells and not that of non-malignant HEK293 cells. Complex
GA113 also inhibited the growth of A375 malignant cells by inducing
apoptosis. Such a complex could possess potential as an alternative
targeted chemotherapeutic agent.

The findings of this study should however be seen in light of some
limitations. For instance, the experimental conditions, for the biological
evaluation, may have led to changes in the chemical structure of
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GA113. The fact that stability studies to confirm that the structure of
GA113 was not affected by the experimental conditions, were not
performed, is a study limitation. Future studies will therefore focus on
stability testing, quantitative confirmation of apoptotic induction,
syntheses of more and similar derivatives as well as structure-activity
relationship studies between ligand and complex. Additionally, aqueous
solubility evaluation between GA113 and cisplatin should be in-
vestigated in order to appraise the possible administration methods for
GA113 for both in vitro and future in vivo studies. Upon further in-
vestigation, these findings will aid in the development of new drug
candidates that function as anti-cancer inhibitors.
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Appendix A. Supplementary data

Crystallographic data (excluding structure factors) for the structure
(GA113) in this paper has been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC
1986020. Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bmcl.2020.127492.
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