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Ruthenium(i)-arene complexes as anti-metastatic
agents, and related techniques
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With the discovery of cisplatin, a vast area of applications of metallodrugs in cancer treatment was opened
but due to the side effects caused by the cisplatin complexes, researchers began to look for alternatives
with similar anticancer properties but fewer side effects. Ruthenium was found to be a promising

candidate, considering its significant anticancer properties and low side effects. Several ruthenium
complexes, viz. NAMI-A, KP1019, KP1339, and TLD1433, have entered clinical trials. Some other arene

Received 30th June 2021,
Accepted 15th September 2021

DOI: 10.1039/d1md00220a

ruthenium complexes such as RM175 and RAPTA-C have also entered clinical trials but very few of them
have shown anti-metastatic properties. Herein, we provide information and probable mechanistic pathways
for ruthenium(i)-arene complexes that have been studied, so far, for their anti-metastatic activities. Also,

we discuss the techniques and their significance for determining the anti-metastatic effects of the

rsc.li/medchem complexes.

Introduction

Cancer is the second leading cause of death, after
cardiovascular disease in developing countries, mainly
because of unhealthy lifestyles and the disadvantages of
environmental impacts on the lives of the people. According
to WHO, the death toll, which was around 14 million per year
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up until 2012, is expected to increase to 26 million within
two decades."” Thus, there is an urgent need to produce
novel anticancer drugs that can only be produced through
active  knowledge in radiomics, transcriptomics,
metabolomics, proteomics, and a thorough understanding of
cancer biology.®> Currently, various methods are available to
treat cancer, such as chemotherapy, radiotherapy,
immunotherapy, and surgery. Chemotherapy is an approach
where therapeutic molecules are utilized to obstruct the
rapidly proliferating cells. Many transition metals have been
used as diagnostic and therapeutic agents and have
significantly impacted anticancer drug development.*
However, it was not until the discovery of cisplatin in 1965 by
Rosenberg, which proved to be a milestone in the use of
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metallodrugs in cancer therapy due to its versatile anticancer
properties, that metal complexes have been taken seriously in
cancer chemotherapy.” Cisplatin, its congeners, and other
platinum complexes showed efficacy in treating various
cancers including neck, ovarian, head, cervical, lymphoma,
and bladder cancer. However, despite its efficacy, it showed
several side effects such as nephrotoxicity, neurotoxicity,
nausea, hair loss, vomiting, bone marrow suppression, and
drug resistance.®” Thus, the researchers started looking for
an alternative that had fewer side effects than cisplatin, and
ruthenium (Ru) complexes appeared to be the promising
candidates for next-generation metallodrugs used for cancer
treatment.’®*> These ruthenium complexes have several
advantages platinum analogues as follows. (a)
Ruthenium has hexacoordinated octahedral geometry and
different oxidation states (mainly Ru", Ru™ and Ru"), which
allow the rearrangement of the ligand in different
geometries.">'* (b) Low ligand exchange kinetics allows the
ruthenium complexes to remain attached to some species in
the cell during the entire life cycle. (¢) Ruthenium mimics
iron, which facilitates its binding to the transferrin receptors;
these receptors are considered to be overly expressed in the
cancer cells, which aids the selectivity of the ruthenium
complexes for entry into the cancer cells."”” Along with
these properties, ruthenium and other metal complexes,
especially iridium and rhodium, can also act as a fluorescent
probes for biomolecules, biosensors, molecular probes and
nanosensors for the determination of biomarkers in the
living cells or organisms.'®?" These ruthenium and iridium
complexes can also be effectively used to target cancer cells
as compared to normal cells and have remarkably garnered
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attention in the field of bioimaging.'®** The wide application
of these complexes may be due to their unique properties in
the optical field such as large stroke shifts, thermal-,
chemical- and photo-stability, and significant absorption and
emission spectra in the visible light range.”>™* It is also
believed that Ru(m) species act as a prodrug and they are
converted into Ru(n) species due to the hypoxic environment
within the cancer cells. To date, four ruthenium complexes
have entered clinical trials, viz. NAMI-A, KP1019, KP1339,
and TLD1433.2°72¥ NAMI-A entered phase II trials but due to
limited efficacy, it could not proceed further for clinical
development. Another ruthenium complex, KP1019, entered
phase I trials but its further development was halted due to
its low solubility; however, the sodium salt of KP1019,
KP1339, is still under clinical trials. Also, another ruthenium
complex, TLD1433, has entered phase 2a trials for
prospective non-muscle invasive bladder treatment by a
photodynamic therapy approach,'>2%27:2 Other
organoruthenium Ru(i) complexes have also shown potential
anticancer activities.’® Very recently, some ruthenium
complexes such RM175, RDC11 (redox organoruthenium
complex), and RAPTA-C have entered phase I clinical trials.**
Also, some other clinically approved Ru(u) arene complexes,
such as AH63 and AH54, are utilized in the radiosensitization
of Caco cells (human colorectal cells), and RAPTA-C in A2780
(human ovarian carcinoma cells).*”> These Ru(u)-arene
scaffolds have been found to be very useful templates for the
development of anticancer agents due to their, stability,
solubility, lipophilicity, and accessibility through the
synthetic routes.”® These Ru(u)-arene complexes have
octahedral geometry with exclusively low d® spin value, where
the arene ligand engages three coordination sites, and other
ligands may bind with the three remaining coordination
sites, giving a three-legged piano stool structure. The
mononuclear ruthenium complexes have shown therapeutic
and anticancer properties in both in vitro and in vivo
studies.>® This encouraged the researchers to directly work
on the Ru(u)-based complexes, of which the Ru(u)-arene
scaffolds have captured much attention.**’

Primary tumours can be treated through surgical
treatment and adjuvant therapy, however, the treatment of
metastatic disease is difficult because of the resistance of
therapeutic agents towards the dissemination of the tumour
cells. This explains why mortality rates greater than 90% are
caused by metastasis as compared to primary tumours.*®
Thus, the only way to treat cancer is to intercept the
metastatic process or even reverse it. Metastasis may occur
due to the somatic evolution of genetically diversified cancer
cell populations under specific pressure, which changes the
behavior of the cells. The peripheral view of the metastatic
cascade involves angiogenesis, the loss of cellular adhesion,
invasion, intravasation into the circulatory or lymphatic
system, dodging the cellular defence mechanism,
extravasation and colonization into distant organs.** The
process of metastasis is driven by several intricate pathways
in the interactions of cancerous cells with neoplastic stromal
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Fig. 1 Schematic representation of the overall anti-metastatic activities of Ru(i) complexes.

cells, which play a vital role. Thus, malignant tumour cells
must first breach the basement membrane, which leads to
the modulation of signal transduction pathways. The signal
transduction pathways further regulate integrin-mediated cell
adhesion, which also alters the cellular polarity, proliferation,
invasion and survival. Generally, the focus of researchers is
on anti-proliferative and tumour-shrinkage drugs, which
undermines the effect of cancer invasion, thus causing a lack
of anti-metastatic drugs.’” However, NAMI-A is a ruthenium
complex that is known to act as an anti-metastatic agent. It
was found to have remarkable anti-metastatic activity against
lung metastasis in solid murine metastasizing tumours.*' On
in vitro drug screening, it was found that NAMI-A showed no
cytotoxicity activities against a 60 cell line NCI panel.*” This
non-cytotoxicity of two Ru(m) complexes, NAMI-A and
KP1019, may be because of the essential requirement of
activation by reduction mechanism, which operates
in vivo.*>** However it has shown anti-metastatic activity by
blocking the major steps of angiogenesis (EC proliferation
and migration induced by VEGF),”> and the inhibition of
MMP-2 and MMP-9 matrix metalloproteinases.*®*’ It has also
been found that reduced cellular motility, increased cell
adhesion, decreased cell penetration ability and transient
blocking of cell progression at the G2/M phase may also
contribute to the anti-metastatic activity of the complex.**™>°
However it is worth noting that not many studies have been
conducted so far in the area of Ru(u)-arene complexes acting
as an anti-metastatic agents. As such it would be interesting
to get an idea about the progress of these complexes to
design improved molecules in anti-metastatic field.

In this review, we have highlighted the Ru(u)-arene
complexes that have shown anti-metastatic properties and

24 | RSC Med. Chem., 2022,13, 22-38

their mechanistic pathways (Fig. 1). We have also briefly
discussed the techniques used for determining the anti-
metastatic properties and their significance for accessing the
various steps of metastasis, which itself is a very complex
process to unravel.

Complexes under clinical trials

Ru(u)-Arene complexes can show both hydrophobic and
hydrophilic properties, which are expected to demonstrate
additive as well as synergistic effects. The Ru(u)-arene unit,
along with various diverse ligands, provides diverse structural
possibilities and various modes of interactions with the
biomolecules within the cells, which contribute to their good
potential for anticancer drug development and therapeutics.'*

RAPTA complexes

RAPTA (Ru arene-PTA) complexes are susceptible to hydrolysis
and bind to DNA as a crucial target.”* It was found that CBA
mice having Mca mammary carcinoma lost lung metastasis
numbers and weight throughout the treatment with RAPTA-C
(1), RAPTA-T (4), and RAPTA-B (12).°*>* However, these
complexes showed less anti-metastatic activity in comparison
with NAMI-A. The RAPTA complexes (Fig. 2) were found to be
effective inhibitors of thioredoxin reductase (TrxR) and
cathepsin B (Cat-B).”> Among all the RAPTA complexes, only
RAPTA-C was found to inhibit TrxR, and the rest inhibited Cat-
B. It was noticed that one chloride derivative of the RAPTA
complexes was hydrolyzed, followed by the entrance of the
metal center into the active site of the cysteine residue. This
metallodrug enzyme complex was further stabilized by the
nitrogen of PTA and chloride of the RAPTA derivative with the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Chemical structures of RAPTA complexes referred to in this article.

remaining amino acids of Cat-B.>> 1t is also worth noting the
selective nature of RAPTA-B, RAPTA-T, and RAPTA-C complexes,
as these complexes were cytotoxic against TS/A cancer cell lines,
but remained non-cytotoxic toward the HBL100 cell line
(healthy cell lines). PTA-Me" and PTA were measurably cytotoxic
to normal cells as well.>®

RAPTA-C, when working synergistically with erlotinib
(EGFR inhibitor), strongly inhibited the cell viability of
human endothelial cells (ECRF24 and HUVEC) and ovarian
carcinoma (A2780 and A2780cisR). This synergistic
combination also led to the better penetration of the
complexes within the cells and also functioned as a potent
anti-angiogenic agent in vivo.>> Since EGFR plays a significant
role in progression and metastasis,”’ this
combination may be used as an effective anti-metastatic
agent, although further investigations are required for
application in this regard.

tumour

This journal is © The Royal Society of Chemistry 2022
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RM175, [(n° -C¢HsPh)Ru(N,Nen)CI]" (en = 1,2-ethylenediamine),
as the hexafluorophosphate salt was among the first
compounds to be tested for anticancer activities by the Sadler
group (Fig. 3).°**° The arene substituent facilitates the entry of
the complex within the cells due to its hydrophobic nature and
on aquation of the complex, it binds to the N7 guanine of DNA.
The arene ring extension also enables the hydrophobic
interaction of RM175 and DNA through intercalation between
the base pairs.®™®' Several studies have been carried out to
determine the mechanism related to the anti-metastatic nature
of this complex, thus discovering new potential cellular targets.
Besides binding to DNA, it was found to inhibit MMP-2
(metalloproteinase-2).°> This MMP-2 plays a crucial role in the
metastasis and invasion of the cells, through the suppression of
the adaptive immune system, degradation of the extracellular
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matrix (ECM) and modulating various pathways, which facilitate
tumour invasion and progression.®>®* This governs the tumour
microenvironment and also modulates cell growth and
angiogenesis through various signaling pathways.®*

To determine the mechanism related to the inhibitory
activities of RM175, many proteins have been explored
including fibronectin, collagen, and poly-i-lysine. As fibronectin
and collagen are the components of the extracellular matrix and
poly-i-lysine attracts the cells through electrostatic interaction,
these proteins might interact with malignant cells in vivo. The
MDA-MB-231 cell line when treated with RM175 tends to
become more resistant to the detachment from the poly-i-lysine
and fibronectin, depending upon which the cells were being
grown. RM175 was found to be selective towards the invasive
cell line as compared to non-invasive and non-tumourigenic
cells. RM175 was found to inhibit the cellular contact-induced
movement (haptotaxis) in HBL100 and MDA-MB-231 cells,
which prevents metastasis formation produced by stimulus.®
Furthermore, it was found to show significant metastasis
reduction in MCa mammary carcinoma in comparison with the
primary tumour when tested in vivo, which further adds to the
aforementioned explainations.®°

ONCO4417

Substituting the RM175 counter chloride ion with the
hexafluorophosphate PFs anion leads to the formation of
ONCO04417, which has also shown anti-neoplastic activities and
G2/M phase cell cycle arrest. This complex has been found to
have similar efficacy to cisplatin in various cell lines like ovarian,
lung, esophageal, pancreaticc melanoma, and colorectal.
However, it has also shown efficient activity against cisplatin-
resistant cell lines like A2780cisR, which suggests this complex
does not share any crossresistance mechanism.®*®> These

complexes were found to efficiently inhibit tumour metastasis.>®

Other significant complexes and their
mechanisms

It was also found that by the incorporation of the Ru(arene)
fragment, the complex exhibited enhanced anti-migratory

26 | RSC Med. Chem., 2022,13, 22-38
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properties. These complexes have shown increased inhibition
of the wound closure in a wound-healing assay, which was
comparable to the recognized anti-metastatic agent
sunitinib.>***®” It was also reported that some Ru(m)-arene
NSAIDs and tetrazole complexes have also shown anti-
migratory activities through inhibiting wound closure in
wound healing assays.*®®® There are also some Ru(m) diimine
complexes that target mitochondria, which have shown
anticancer and antimetastasis activities through signaling
mediated by reactive oxygen species (ROS).”® Ru(n)-
phenanthroimidazole derivative complexes were also
synthesized, which stabilized the ¢-Myc G-quadruplex DNA,
thus downregulating the activity of c-Myc and causing anti-
proliferative activities.”' Another Ru(u)-arene complex,
(cym)Ru(5-bromo-8-hydroxyquinoline) was found to inhibit
cell invasion and migration, both in the monolayer as well as
in the spheroid.”> The novel Ru(u) imidazole-mesalazine
Schiff base complexes were synthesized, which showed the
unique property of the growth inhibition of 3D colon cancer
stem cells without enhancing the stemness of the cells, thus
maintaining tight regulation of gene expression.””

Ruthplatins

Novel ruthplatins (16-19), which are bimetallic anticancer
drugs, were designed and reported to treat tumour metastasis
and drug resistance (Fig. 4). Ruthplatins are water-soluble
Pt(v)-Ru(u) heterodinuclear complexes whose activities were
evaluated on both 2D and 3D tumour models.”* These were
also found to have noteworthy cytotoxic activities against
cisplatin-resistant cells A2780cisR and A549cisR. These
complexes were also found to be active against MCF-7, MDA-
MB-231 (breast cancer cells), HeLa (cervical cancer cells), and
HL60 (leukemia cancer cells). However, they remain less
cytotoxic towards MRC-5 normal lung fibroblasts in
comparison to cisplatin. Similarly, these ruthplatins were
found to be significantly active in the 3D spheroid model of
MCF-7, where the number of dead cells was significantly
higher in the case of ruthplatins at lower concentrations and
in less time in comparison with cisplatin. This indicates the
effectiveness of ruthplatins in eradicating the tumour cells in
the 3D environment. The cytotoxicity of these complexes can
be attributed to the S-phase cell cycle arrest. The wound-
healing assay determined that ruthplatins prevent the
migration ability of the cells, as only 23% and 46% wound
closure occurred over the time interval of 12 h and 24 h, in
comparison with sunitinib (positive control).®®

Organoruthenium complexes with 8-hydroxyquinolines

Two novel organoruthenium 8-hydroxyquinolinato complexes
(20 and 21) were synthesized. The cytotoxicity of these
complexes was evaluated on A549 (lung adenocarcinoma),
MG-63 (human osteosarcoma), and MCF-7 cells, and cisplatin
was used as the reference (Fig. 5). These complexes showed
higher selectivity than cisplatin. This higher selectivity
performance can be attributed to redox balance disruption

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 The chemical structures of ruthplatin complexes referred to in this article.

leading to G2/M phase cell cycle arrest, thus causing
apoptosis through the mitochondrial pathway.””> On
performing a clonogenic assay to estimate the cellular
reproductive potential, it was found that both compounds
inhibited colony formation in a dose-dependent manner but
complex 21 showed a higher inhibition effect on colony
formation than complex 20. The migration and invasion
assays revealed that both the complexes inhibited migration
on MG-63 and MCF-7 but only complex 21 inhibited
migration in A549 cells. Complex 21, however, showed
significant inhibition of the invasive activity of the cancer
cells in the order of MG-63 > MCF-7 > A549. On performing
experiments on multicellular spheroids of MG-63, MCF-7,
and A549, it was found that both complexes showed
anticancer activities on spheroids; complex 20
showed enhanced anticancer activity as compared to complex
21 and cisplatin. The results were in contrast to the 2D
models since complex 21 was active in 2D models and
complex 20 was active in 3D models. The probable reason for

P P

however,

CI‘Ru I‘Ru
N N
® ®

20 21

Fig. 5 The chemical structures of Ru(i) hydroxyquinolines complexes
referred to in this article.
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this contrast may be the involvement of several factors like
hypoxic conditions, redox potential, bioavailability, and
cellular uptake, which play a major role in defining the
anticancer activities of such kinds of drugs.”® Thus, the
combined analysis of complexes on both 2D and 3D models
gives a reliable assessment of the anticancer potential
activities of the novel complexes.”>

Ruthenium(un)-arene complexes with acylthiourea as ligands

The half-sandwich Ru(u) complexes with acylthiourea ligands of
the general type [Ru(n’-p-cymene)(PPh;)-(S)CI]PF, (22m-27m)
and [Ru(n®-p-cymene)(PPh;)(S-O)]PF, (22b-27b) where S/S-O =
N',N-disubstituted  acylthiourea were synthesized and
characterized (Fig. 6). The activities of the complexes were
evaluated on five cell lines, viz. DU145, A549, MCF-10A, MDA-
MB-231, and MRC-5.”” The complexes are highly selective
towards breast cancer cell lines in comparison to cisplatin,
although they were found to be cytotoxic towards DU145, A549
as well; thus, 26b, 27b and their monodentate analog 26m, 27m
were chosen for further studies. It is interesting to note that
monodentate ligand-containing complexes were cytotoxic
towards DU145 and A549, however, bidentate ligand-containing
complexes were active against MDA-MB-231. It is also worth
indicating that the complexes with R1 as thiophene were
cytotoxic to all the cell lines. The length of the R2 chain affected
the cytotoxicity of the complexes; the increase in the alkane
chain length of R2 enhanced the cytotoxicity of the complexes.
R2 with ethyl group was the most cytotoxic among all the
complexes. The probable reason for increased chain length
affecting the cytotoxicity is because it enhances the lipophilicity
of the complexes, thus further enhancing the cellular uptake of
the complexes. These complexes were found to significantly
inhibit the colony formation in MDA-MB-231 cells. Also, the
complexes inhibited the migration of the cells when evaluated
by both wound healing and Boyden chamber migration assays.

RSC Med. Chem., 2022,13,22-38 | 27
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Fig. 6 Chemical structures of Ru(i) acylthiourea complexes referred to in this article.

It was found that these complexes significantly inhibited the
wound closure when compared with the control and these
results were supported by the Boyden chamber assay where the
number of migrated cells was significantly inhibited upon
treatment with the complexes.””

Picolinate Ru(i) complexes

Five complexes were synthesized with the general structural
formula [(n%p-cymene)Ru(L)Cl,], (L: 3-acetylpyridine (28),
2-amino-5-chloropyridine (29)), and [(n®p-cymene)Ru(HL)CI],
(HL: 2,3-pyridinedicarboxylic acid (30), 2,4-pyridinedicarboxylic
acid (31)), and [(n®p-cymene)RuCl(picolinic acid)]-H,O (32)
(Fig. 7).”® These complexes were tested on various cancer cell
lines such as B16, MDA-MB-361, HeLa, LS-174, and MDA-MB-
453, and exhibited low anti-proliferative activities with IC5q >
200 pM, except for complex 32 with the ICs, value of 81.97

uM.”*8° Despite the low level of cytotoxicity and genotoxicity,
few complexes show anti-metastatic potential.****%2 Similar
results were obtained when these complexes were used to
treat endothelial cell lines (model system for angiogenesis)
EA.hy 926, and MS1 cell lines. On the cell cycle analysis of all
the complexes on EA.hy 926 and HeLa cells, it was observed
that only complex 32 showed a decrease in the cell
percentage in the G1 phase and a slight increase in the S
phase on HeLa cells with no apoptotic effects. On
determining the cellular distribution of Ru(um) complexes
within the HeLa through ICP-OES, it was found that all the
complexes were internalized within the cells. However, it was
complex 32 that was found in higher concentration in DNA
fraction, thus emphasizing its efficient DNA binding nature.
None of the other complexes showed any indication of DNA
binding, which may be attributed to the ligands' structural
differences that may affect the complexes-DNA interactions.

*@ %@

07 0CH,

28 29

31

COOH
30
NH,
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Fig. 7 Chemical structures of Ru(i) picolinate complexes referred to in this article.
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To determine the anti-metastatic potential, various
experiments were carried out. On performing gelatin
zymography it was observed that after 24 h treatment,
complex 32 displayed inhibitory activity on the secretion of
MMP-2 and MMP-9 in HeLa and EAhy 926, respectively.
These MMPs proteins are considered to play a significant role
in invasion and metastasis as they dissolve the basement
membrane and degrade the extracellular matrix (ECM).
Among the various MMPs proteins, MMP-2 (capable of
degrading gelatin) and MMP-9 are considered to be very
significant in the invasion and metastasis processes.®> On
performing the matrigel invasion assay it was found that
complexes 29 and complex 32 reduced the number of
invasive cells by 36% and 20% on treatment with 100 uM
and 41 uM, respectively. The pro-adhesive properties of the
complexes were evaluated on HeLa cells grown on a plastic
substrate (uncoated bottom of plates) showing resistance to
the trypsin treatment when compared with the control. It was
observed that on 100 uM treatment with complexes 29 and
30, the cells showed almost three times more adhesion as
compared to the control, which also correlates with the
matrigel invasion assay. On testing the migration inhibition
ability of the complexes through a wound healing assay, it
was found that only complex 32 showed a significant
inhibitory effect on the migration of the cell. To investigate
the effects of these complexes on angiogenesis, a tube
formation experiment was performed. With the treatment of
endothelial cells MS1 with appropriate media on matrigel,
these cells started to reorganize, show projections, form cell
to cell contacts and form polygon-like structures.®® The
treatment of these cells with complexes reduced the ability of
endothelial cells to differentiate and extend into tube-like
structures. Complexes 28, 31 and 32 showed some potential
inhibitory effects on tube formation on endothelial cells, but
complex 32 showed the highest inhibitory effect among all
the tested complexes.”® To further investigate the DNA-repair-
dependent cellular response due to cytotoxic DNA lesions
caused by the complexes-DNA interactions, the mRNA and
protein expression levels of ERCC1 and MSH1 were
elucidated. Through quantitative real-time PCR (RQ-PCR) the
mRNA expression level of ERCC1 was determined after the
treatment of HeLa cells for 24 h. ERCC1 was found to play a
significant role in cell response to other types of DNA lesions
and its repair function expands beyond the NER (nucleotide
excision repair). The NER plays a notable role in the repair of
DNA-platinum adducts.®> Complex 32 was found to
upregulate the expression level of ERCC1, whereas other
complexes showed no or down-regulated expression level.
However, after 24 h of treatment of complex 32 on HeLa cells,
the expression level of ERCC1 was found to be down
regulated, thus this effect of complex 32 has to be further
investigated. Moreover the protein expression level of MSH2
was further investigated. MSH2 plays a crucial role in
mismatch repair system since it has a role in correction
mismatches that occur in the DNA during DNA replication.®
Only complex 32 was able to decrease the protein level of
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MSH?2; the other complexes seemed to have no effect on the
protein level of MSH2. The upregulation of ERCC1 and
modulation of the MSH2 protein level suggest the
involvement of a DNA-repair-dependent response.

DAPTA complexes

The anti-metastatic studies of RAPTA-C, RAPTA-T and their
analogues [Ru(n®p-cymene)Cl,(DAPTA)] (DAPTA = (3,7
diacetyl-1,3,7-triaza-5-hosphabicyclo[3.3.1]nonane)) (DAPTA-C)
(33) and [Ru(n*toluene)Cl,(DAPTA)] (DAPTA-T) (34) were
studied for their endothelial cell (EC) function through
in vitro bio-assays (Fig. 8).*” These complexes were
determined to inhibit the EC growth. All the complexes
inhibited the viability and growth of HUVEC (primary) and
ECRF24 (immortalized) EC cells after 72 h incubation. The
ED;, values were found to be 300-500 pug mL™" (~500-1000
pM). To further confirm the selectivity of these complexes
towards EC, the complexes were tested against colorectal
cancer cells (LS174T). The ED values were similar to that of
EC for RAPTA-C, RAPTA-T, and DAPTA-T, but were less
prominent in DAPTA-C. The apoptotic effects of complexes
on cells were evaluated through flow cytometry, which
depicted that only RAPTA-T can show apoptosis of about
24%, whereas anginex (angiogenesis inhibitor, which acts
through an apoptosis-inducing mechanism) showed 17% of
apoptotic cells. The other complexes did not show any
significant changes in the apoptotic cells.”* To further
investigate the effects of complexes on EC function, a
migration assay was performed on ECRF24 cells, which
indicated that RAPTA-T inhibited the migration of the cells
about >90% at 1 mg mL™" in a dose-dependent manner. The
migration assay was assessed at 6 h along with the
determination of the cell proliferation. The cell proliferation
was found to not be affected, thus the probable reason for
the anti-migratory effect might be anti-angiogenic activity. To
further assess the in vitro anti-migratory ability of the
complexes, the EC sprout assay (bFGF driven) was performed
on HUVEC cells. It was observed that RAPTA and DAPTA-C
inhibited endothelial sprout formation in a dose-dependent
manner upon 16 h of treatment of cells with the complexes,
whereas DAPTA-T showed no effect on the endothelial
sprouting. The anti-angiogenic effects of the complexes were
further explored in vivo, using the CAM (chicken embryo
chorioallantoic membrane) assay. Both DAPTA-C and RAPTA-
T were found to suppress neovascularization, decrease the
number of branches and form avascular zones in a dose-
dependent manner. The distortion in the organization of the
capillary plexus was also observed in the treatment of cells
with the DAPTA-C and RAPTA-T. At higher concentrations,
the RAPTA-C was found to show significant effects in
demolishing the capillary bed area on the treated region as
compared to DAPTA-C. These complexes were explored for
the in vivo model of PDT (photodynamic therapy)-induced
angiogenesis. This model allowed the monitoring of the
development of the vascular network for two days after the
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Fig. 8 Chemical structures of DAPTA complexes and RAPTA with perfluorinated chain complex referred to in this article.

treatment, especially concerning regrowth and vascular
occlusion, as described previously.*°® The treatment with
the complexes RAPTA-T and DAPTA-C immediately after PDT
showed distorted newly formed vessels, unorganized capillary
plexus, and inhibited vascular growth; these effects were
more prominent with increasing the concentration of the
complexes.”® DAPTA-C showed a moderate effect in
comparison with RAPTA-C with substantial inhibition of
angiogenesis and inhibition of the reperfusion of pre-existing
vessels when administered in the same concentration.

Similar experiments were carried out using two
bifunctional  ruthenium(i)-p-cymene  complexes  with
perfluorinated side-chains attached through pyridine ligands
(35 and 36). The effects of these complexes on endothelial
cell lines (HUVEC and ECRF24) along with noncancerous
human embryonic kidney HEK293 and numerous cancerous
cell lines (SW480, and LS174T) were also investigated.”

NHC-coordinated Ru(u)-arene complexes

In this study, N-heterocyclic carbine (NHC) ligands
coordinated with the Ru(u) complexes were synthesized.
Benzothiazole-functionalized Ru(n) NHC complexes (37-42)
having different substituents were taken into account (Fig. 9
).%2 The in vitro cytotoxicity of these complexes was evaluated
on six cancer cell lines, viz. HCT-116 (colon cancer) and LoVo,
A549 and HT-29, A2780 cells and HeLa. Ru37-Ru39 were
found to be inactive against all the cell lines, however, Ru40
had significant cytotoxicity against HT-29 and A2780 cells
with ICs, values of 8.51 + 0.69 and 2.74 + 0.15 uM,

respectively. This difference in cytotoxicity might be because
of an increase in the length of alkyl substituents. The
peripheral substituent groups of Ru41-Ru42 modulated the
cytotoxic potency of the complexes; however, Ru42 showed
significantly higher cytotoxicity in all the cell lines but was
even more effective in A2780 cells. Overall the complexes
showed in vitro cytotoxicity in the order of Ru42 > Ru40 >
Ru41 > Ru37, Ru38, Ru39. The Ru40-Ru42 were found to be
more lipophilic and had significantly higher accumulation in
the A2780 cell line. To evaluate the anti-proliferation activity,
the EAU (5-ethynyl-20-deoxyuridine) incorporation assay was
performed. This showed that the Ru40 and Ru42 dramatically
reduced cell proliferation on increasing the concentration, up
to 15% and 16%, respectively; thus, these complexes work in
a dose-dependent manner when compared with cisplatin.
Also through the migration assay, it was found that the
wound closure ratio in the A2780 control cells (33%) were
significantly reduced to 11.7% and 8.7% on treatment with
Ru40 and Ru42, respectively. These complexes (Ru40 and
Ru42) were found to cause increases in ROS through DCFDA
staining, mitochondrial dysfunction through JC-1 staining,
and cell cycle arrest at the G2/M phase through FACS
analysis, thus causing apoptosis. The in vivo systemic
tolerance of these complexes was studied using compounds
dissolved in DMSO/saline (1:1, v/v) solution and
intraperitoneally injecting them into healthy ICR mice (n = 8
in each group) at different doses (10 and 20 mmol kg™"). This
treatment showed that the mice were sufficiently tolerant
toward the treatment with the complexes since most of the
mice did not show a reduction in weight in comparison with

PFg™
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39, R = butyl

40, R = octyl

41, R = benzyl
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Fig. 9 Chemical structures of Ru(i) NHC coordinated complexes referred to in this article.
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cisplatin, which showed a more than 20% weight reduction
on drug treatment within 15 days. The anti-metastatic effects
of the compounds were further studied in vivo using Balb/c
nude mice bearing A2780 cell-derived ovarian cancer. Each
mouse in the treatment groups (n = 8 in each group) was
intraperitoneally injected with 200 mL of A2780 cells
suspension (5 x 107 cells per mL in PBS). From the next day,
drugs were intraperitoneally administered in 200 mL of
DMSO/saline (1:1, v/v) solution. During the experiment, the
body weights of the mice were recorded and at the end of the
study the ovaries and tumours were collected for analysis.
Drug administration was reduced to three times on days 0, 3,
and 6, to avoid potential toxicity. Ru40 and Ru42 drug
administration at the dose of 20 mmol kg™ yielded mean
tumour growth inhibition (TGI) rates of 65.2%, and 68.7%,
respectively, on comparison with cisplatin treatment with a
TGI rate of 36.7%. The ovaries in the Ru(un) complex-treated
mice had normal morphologies, however, the DMSO/saline-
treated mice had cancer cells migrate to the ovaries and
uterus. This indicated the anti-metastasis effect of the
complexes.

Selectivity of Ru(i)-arene complexes

Despite the significant pharmacological properties of Ru(u)-
arene complexes, it is equally important to pay attention to
increasing the efficacy and selectivity of these complexes.
Chemists have begun exploiting various characteristics of
tumour environments or targeting strategies,”> hence, many
complexes are synthesized that get activated by the
differences between tumours and normal cells, like hypoxia
and acidic conditions, which are prevalent in tumour
cells.”**> Ru(u)-Arene complexes have been synthesized with
perfluorinated phosphine ligands, which show modest
thermo-responsive activation; however, these complexes were
further modified for enhanced selective cytotoxicity.”® It has
also been reported that Ru(u)-arene complexes containing
lipophilic chains via the modification of a PTA, isonicotinic
ester ligands, or imidazole lead to increased antiproliferative
activity, presumably due to increased cell uptake but not
necessarily to increased cancer cell selectivity.””"*° The nature
of lipophilic chains (ie., alkyl or perfluoroalkyl) and their
length have a significant impact on the cytotoxicity and
selectivity of the Ru(m)-arene complexes.®”**°® It has also
been observed that the electron-donating or withdrawing
groups attached to the ligand, and the aquation of the
complexes also have a significant effect on the selectivity and
cytotoxicity of the ruthenium complexes.”"'*°*> The
attachment of Ru(u)-arene complexes to macromolecules,
which leads to selective permeation and retention of
complexes in the tumour vasculature can also play a
part.'%*'%*  There are several examples that include
macromolecular systems containing Ru(u)-arene complexes,
multinuclear Ru(m)-arene metallacages, metallacycles, and
copolymer and polymer conjugates of RAPTA complexes for
increased selectivity."®**°® Thus, the attached ligands or
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Fig. 10 The chemical structure of the heterometallic Ru(i)-arene gold
complex (RANCE 1) referred to in this article.

macromolecules play a crucial role in modulating the activity
and efficacy of ruthenium complexes (Fig. 10).

Significance and techniques used for
determining anti-metastatic
properties

General mechanism of action

A large number of Ru(i)-arene complexes have been
synthesized, which exhibit anti-tumour properties, having
different targets and mechanisms of action. These properties

majorly depend on the associated ligands, and the
availability = of uncoordinated sites in  ruthenium
complexes.""'® The mechanisms of action of ruthenium
complexes as anticancer agents generally include

mitochondria, death receptors, the endoplasmic reticulum
(ER) and DNA-mediated pathways.''" Ru(u)-Arene complexes
have been shown to target mitochondria, thus immediately
disrupting the mitochondrial membrane potential. This
mitochondrial membrane disruption leads to the release of
cytochrome c¢ and activates cascade pathways, thus causing
apoptosis.®® Another mechanism involves the binding of the
Fas ligand and the TNF-related apoptosis-inducing ligand
(TRAIL) to Fas, and DR4/5 leads to the recruitment of FADD
(Fas-associated death domain), thus further activating the
caspase pathway.”*®® The endoplasmic reticulum plays a
notable role in protein synthesis, protein folding and protein
transportation. However, due to external stimuli, when the
ER comes under stress, it begins to accumulate the misfolded
proteins, which leads to the ER-associated degradation
(ERAD) and unfolded protein response (UPR). Thus, in such
conditions, when ER homeostasis cannot be maintained, it
activates the programmed cell death pathway.''” Along with
these mechanisms, DNA remains one of the major targets for
Ru(n)-arene complexes, owing to their covalent and
noncovalent interactions with DNA.'*%'**'14 The binding of
the complexes to DNA leads to transcription inhibition or
disrupted DNA, which leads to the activation of programmed
cell death or irreversible apoptosis."'’ Some Ru(u)-arene
complexes have also been found to block metastasis by
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inhibiting angiogenesis, invasion and proliferation processes,
by targeting microtubules, the c-Myc gene, MMPs, P53
protein, VEGF and EGF pathways.?®’h7311 11157117 A
heterometallic Ru(u)-arene gold complex (43) was found to be
significantly more cytotoxic as compared to the activity of
individual metals on the Caki-1 (human renal carcinoma cell
line) cell line. They were found to inhibit migration, invasion
and angiogenesis by inhibiting the MMPs secretion,
decreasing the expression of VEGF, IL (interleukins) and
cathepsins."® Some Ru(i)-arene complexes can also target
cancer stem cells without affecting cancer cell stemness in
3D colon cancer stem cell spheroids, thus leading to intact

regulation of cell gene expression (Fig. 11).2%7%11°

Metastasis

Metastasis is generally the cause of cancer-related mortality
and morbidity. It is described as the spreading of primary
cells to the surrounding tissues and then to distant
organs.'®® Metastasis involves a series of sequential and
interrelated events that must be completed to successfully
form metastatic tumours. For the metastasis cascade to
occur, the primary cells must dissociate from the primary
location, penetrate the lymphatic and circulatory system,

dodge the immune system, and extravasate to the new

(Ru (II) Arene complexes)
Q 9 9
Q. 9

Intrinsic Pathway

Nucleus

\ Mitochondria

DNA damag

Bax

ATM

{

Chk2

l P53

Cytochrome C

Endoplasmic
Reticulum

Endoplasmic stxessT

»¢ Caspase Pathway

RSC Medicinal Chemistry

capillary bed, and invade and proliferate in the distant
organ.”*** The following functions are required to
complete the sequence of events for metastasis: interaction
with the local environment, migration, invasion, and

angiogenesis-inducing ability."**

Angiogenesis

As the primary tumour grows, it requires a blood supply that
can provide nutrients and metabolites through diffusion
exchange. Angiogenesis is the process by which blood supply
is established to the tumour cells, which is actually the
growth of the cells from existing vasculature.”* In 1970,
Judah Folkman found that if the tumour spheroid size
increased beyond 1-2 mm in diameter, at this stage, the
diffusion of nutrients and metabolites becomes rate limiting,
and thus the formation of new blood vessels is required for
the continuous growth of the tumour.'”® These neovessels
provide nutrients to the tumours, as well as an escape route
for the tumour cells to enter the circulation. There are two
types of angiogenesis: sprouting angiogenesis
sprouts of endothelial cells growing towards the angiogenic
stimulus, and may add blood vessels to the tissue portions
previously devoid of the blood vessels; intussusceptive
angiogenesis involves the existing vessels being split as a
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Fig. 11 Schematic representation of the general mechanism of action of Ru(i)-arene complexes as anti-metastatic agents.
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result of the invasion to form transvascular tissue pillars that
can expand."”®'*” Hence, the inhibition of angiogenesis can
be a potential mode for tumour metastasis control. Also, it
has been indicated earlier that primary tumours with higher
vascular density have a higher incidence of metastasis than
poorly vascular tumours; thus, the vascular density might be
a prognostic indicator of metastatic potential.'*® The
following experiments were designed to determine the
tendency for angiogenesis in tumours.

Tube formation assay (angiogenesis). It has been found
that the endothelial progenitor cells (EPC) are affected by
stress; in the case of cancer, hypoxia and the rate-limiting
diffusion of nutrients and metabolites can leads them to
differentiation, proliferation, and capillary tube formation. In
this assay, the EC grows on collagen gel or basement
membrane containing proteins. This assay provides
information about the morphological changes occurring in
the tube formation of EC cells when treated over a specific
period of time.'* These changes can be visualized with the
help of a digital inverted microscope. Thus, this assay can be
used to determine the potential of complexes to inhibit
angiogenesis.”®'%°

Endothelial sprout formation in the 3D model
(angiogenesis). This is similar to tube formation assay to
evaluate the effect of sprout formation on the 3D spheroid
model. This assay helps us to assess in vitro angiogenesis
(the sprouting ability) of EC grown as a 3D spheroid on
treatment with complexes or any kind of stress, in
comparison with the control. The EC spheroids can be
created by the hanging drop method and after 24 h, they can
be harvested and kept on a collagen gel. After solidification
of the gel, the test compound containing medium can be
added to the gel and the spheroid allowed to sprout for 16 h.
These sprouting spheroids can be analyzed using a
microscope. The quantification of sprouting can be done to
determine the effects of the tested compounds on the
sprouting of spheroids.®”

Adhesion

In healthy tissues, homeostasis is intensely dependent on the
cell-to-cell adhesion and cell-to-extracellular matrix (ECM)
interaction. Normal epithelial cells retain their tissue
structure by the cell-to-cell adhesion and cell-to-ECM
interactions. Also, the two hallmarks of cancer, which are
anchorage-independent growth and cell-to-cell adhesion loss,
are both dependent on cell adhesion.”® The complex
adhesion mechanisms involve adherens and tight junctions,
and desmosomes regulate the interepithelial cellular
interaction. The malignant and transformed cells may display
the loss of adherens junctions, which results in the
detachment of the cells from the epithelial cells."*" All
through this process, the adherens junctions mediated by E
cadherins (important for cell-cell adhesion) are lost."**> Thus,
the adhesion assay helps to determine the interaction of cells
with other cells and the ECM.
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Adhesion assay. Adhesion and proteolysis play a crucial
role in determining the interaction of cells with the
extracellular matrix (ECM) and other cells. This also helps to
form a path of migration and angiogenesis promotion. In
this experiment, the cells were generally grown on the
uncoated bottom of 96-well plates or collagen-coated plastic
plates. The cells were then given the treatment at the
appropriate concentration for the desired time, followed by
trypsinization. The number of unattached cells was measured
using reassuring or crystal violet and the quantification of
the control was done manually.”*® The quantification can
also be done using sulforhodamine B by recording the
absorbances at 570 nm using an ELISA reader.”®"**

Migration and invasion

As mentioned earlier, cancer cell migration and invasion and
their entrance into the blood or lymphatic tissues is
necessary for metastasis to take place."*® Migration and
invasion allow the cells to change positions within the
tissues. The neoplastic cells take the route of the blood or
lymphatic system to disseminate into circulation and reach
distant organs.™® In migration, the cells need to modify their
stiffness and shape to interact with the surrounding tissues.
The different cell modifications include filamentous actin,
different structural and signaling proteins, leading to
dynamic interaction with the ECM substrate. Thus, analyzing
the cell extension can also be a method for determining cell
motility.

Once the cells can cross the basement membrane and
ECM, the process of invasion has been instigated. Now, the
cells can intravasate into the lymphatic or circulatory system
and travel to distant organs. This process involves several
proteins for the degradation of the basement membrane and
ECM along with some structural and signaling proteins to
regulate cell motility and migration.'*® Evaluating the effects
of complexes on migration and invasion also provides an
idea about the anti-metastatic properties of the complexes.

Wound healing assay. This experiment provides insight
into the migration ability of the cells, which plays a
significant role in the metastasis of the transformed cells. A
wound was created using a 200 pL micropipette tip on a fully
confluent plate of cancerous cells, followed by treatment with
the complexes for the appropriate time intervals and in a
dose-dependent manner. The area of the wound closure was
visualized using an inverted microscope. The analysis and
quantification was done with the help of Image J software, or
manually in the case of the control (untreated).”®””*3°

Invasion assay. This experiment helps to evaluate the
invasion ability of the cancerous cells on treatment, thus
indicating the probable effect of complexes on the invasion
process. The required number of cells is seeded into the
transwell chamber with polycarbonate fiber (8 um pore size).
The upper chamber cells are suspended in serum-free (FBS-
free) media whereas the lower chamber has media with 10%
FBS. After seeding the cells in the upper chamber, these cells
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are now subjected to treatment at a particular concentration
and time. The cells are now allowed to migrate to the lower
chamber for 12 h or the required time interval. The cells in
the lower chamber are stained with the help of crystal violet
and visualized under the microscope. The quantification of

cells is done manually concerning the control
(untreated).”®”7137
Colony formation assay. This experiment provides

information about the effectiveness of the complex used to
treat the cell lines, based on the cells' ability to reproduce
after treatment.”” The required number of cells were seeded
into 6-well plates and allowed to adhere for 24 h. This was
followed by the treatment of the cells with different
concentrations of the complexes for the required period of
time. The media were replaced with the fresh media and cells
were allowed to grow for a period of 8-10 days. These cells
were washed with PBS, followed by staining of the colonies
with 5% crystal violet for 30 min. The colonies formed were
analyzed for size and number using the appropriate
software.””"'%®

Cell cycle analysis by flow cytometry. The cell cycle is
tightly regulated in normal cells; however, it becomes
dysregulated in cancerous cells. Thus, when the complex
causes growth inhibition, it may be due to cell cycle arrest or
the induction of apoptosis, or it may be because of both
factors. Determining the phase at which the cell cycle gets
arrested indicates the probable mechanism of action of the
complex. The cells were seeded in 6-well plates at the
required concentration and then treated with the complex for
the required time at the particular concentration. The cells
were then resuspended in ice-cold PBS buffer after
trypsinization, then centrifuged and the pellet washed with
PBS twice and suspended in Triton X-PI solution (Triton X-
0.1%; PI, 25 pg mL™"; EDTA, 0.1 mM; RNase A, 10 pug mL ™).
The cells were incubated in the dark for 4 h at 4 °C followed
by data analysis with the help of appropriate software.®®"?°

Gene expression analysis and western blotting

The transformation of normal cells into metastatic cells
requires major phenotypic changes, such as changes in cell
surface receptors, growth factor, cytoskeleton function, signal
transduction, and proteolytic enzyme production. It also
leads to changes in cell interaction with ECM or the
microenvironment. The transformed cells can disrupt cell-
cell adhesion properties and they can modify the interaction
with the microenvironment in favor of their proliferation,
survival, and dissemination.’”* The tumour environment,
especially the extracellular matrix, plays a crucial part in
cancer progression. The matrix metalloproteinases (MMP) are
responsible for remodeling ECM and are present in almost
all cancers."**'*! The transcription of MMPs is generally low
and is firmly regulated. Thus, it has been found that
increased levels of MMPS can be co-related with the
progression of cancer, cancer cell proliferation, and tumour

size.'*>™** Several adherens, like cadherins, integrins, and
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proteoglycans, also play a significant role in metastasis.'*!
Thus, analyzing the effect of complexes on these host tissue
interactions, proteins, and RNA levels may give us some
insight into the anti-metastatic activities of the complexes.

Gelatin zymography. Zymography is a technique that is
used to visualize the activity of complexes on the enzyme
production of the MMP-2 and MMP-9.*° In this technique
10% SDS saturated with 0.1% gelatin was used to determine
the gelatinolytic activity of secretory MMP-2 and MMP-9
proteins on treated cells. Cells were seeded in 6-well plates at
appropriate concentrations according to the cell lines. At
70% confluency, the cells were given treatment in serum-free
media for 24 h, followed by the addition of equal amounts of
protein supernatants in the loading buffer (loading buffer:
20% glycerol; 10% SDS; 0.125 M Tris-HCI, pH 6.8 and 0.25%
bromophenol blue) before addition to the SDS-
polyacrylamide gel. Electrophoresis was performed at 127 V,
followed by washing in renaturing solution (2.5% Triton X-
100) and incubation for 48 h in enzyme assay buffer (50 mM
Tris-HCl, pH 7.5; 0.2 M NaCl; 5 mM CaCl,; 0.05% NaNj).
This was followed by staining of the gels with 0.05%
Coomassie Brilliant Blue G-250 in a mixture of MeOH : AcOH :
H,0 (2.5:1:6.5) and then destained in 4% MeOH with 8%
AcOH. To increase the sensitivity, the gels were further
destained in a solution of 1% Triton X-100 (1-2 h). The
activity bands were observed as a clear transparent band
against the blue background of Coomassie Blue."**

RT-PCR. This experiment is used to analyze the gene
expression levels, which helps in detecting the potential
pathway for the anti-metastatic activity by the complexes. The
cells were seeded in a 6-well plate and were allowed to attach
overnight, followed by treatment at the appropriate
concentrations and time. The RNA was isolated from these
cells using TRIzol reagent as per the manufacturer's protocol.
This RNA was converted to ¢cDNA by using a cDNA synthesis
kit. The RT-PCR was carried out using SYBER green applied
biosystems. The conditions of thermocycler were set at 95 °C
for 10 min, 40 cycles of 95 °C for 15 s, 54 °C for 20 s, 72 °C
for 20 s, 95 °C for 15 s, and 60 °C for 1 min. The expression
levels were analyzed with the help of a 2% method.*®*°

Western blotting. This experiment gives insight into the
protein levels of the treated cells, which may help in
determining the target and the pathway of various complexes.
The cells treated with the complexes, with the control being
the untreated cells, were washed and then lysed by lysis
buffer (37 mM Tris-HCl, 75 mM NacCl, 25% Triton X-100, and
10 pl protease inhibitor cocktail). The samples were stored at
-20 °C for further use. The protein concentrations were
analyzed using the Bradford assay."*> An equal amount of
proteins was loaded to a 12% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) matrix and then transferred to
nitrocellulose membranes for 2 h at 300 mA using a transfer
system. The 5% skim milk in Tris buffered solution having
1% tween 20 (TBST) was used for blocking membranes. The
membranes were then incubated with the corresponding
primary antibodies. The secondary antibodies were used to
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develop the blots at room temperature for 1 h and were
enhanced with a chemiluminescence (ECL) detection
system."?’

Prospects and problems

In recent years, researchers have explored the development of
multifunctional ruthenium(n) complexes combined with
other therapies, including PDT, radiosensitization, targeted
therapy, and photothermal therapies.®""**™*° Using these
combination therapies, the efficacy and selectivity of the
complexes may be improved. However, despite the
development of various ruthenium complexes, their aquation,
instability, and low cytotoxicity remain major concerns. These
issues can be resolved by using bionanomaterials, which
increase the permeability, selectivity and retention of the
complexes. These nano-delivery vehicles can effectively carry
a large amount of drugs, thus increasing the drug
accumulation. These carriers also protect the drug from
degradation, thus enhancing the retention of the drugs in
the body.""**® Recently, dinuclear trithiolato-bridged arene
Ru complexes, which have been encapsulated in apoferritin
(AFt) nanocages, were investigated. These complexes were
highly cytotoxic towards mortalized murine fibroblast BALB/
c-3T3 transformed with SV40 virus (SVT2) and human
epidermoid carcinoma A431 malignant cells, but showed
moderate selectivity towards normal BALB/c-3T3 cells.">*"'>*
Many nano-ruthenium complexes have been developed but
not much investigation has been done on nano Ru(u)-arene
complexes so far."””>™">* Thus, exploring the formation and
activity of nano Ru(u)-arene complexes would be of great
interest and importance.

Generally, 2D models are used to study the anti-metastatic
activities in the case of Ru(u)-arene complexes, which do not
provide a clear picture of all the steps and interactions taking
place in metastatic cancer. 3D models do give further
insightful information about the steps involved in the
metastasis like adhesion, migration, and sprout formation,
but still cannot give accurate information about the
metastatic processes in vivo. Thus for further experiments,
tumour formation in the mouse models, either spontaneous
or in experimental in vivo models, may give a better
understanding of the effect of complexes in vivo.*> Gene
expression profiling, although a costly method, can be used
to determine the changes in the number of gene expression
levels occurring after treatment. Although every method has
some shortcomings, in vivo studies may still be helpful in the
detection of proper targets and pathways for complexes. Also,
flow cytometric studies can be used for the determination of
the changes in the levels of protein expression on treatment;
this method is comparatively fast and quantitative for the
detection of protein levels, thus will help gain further
information about the metastatic protein changes occurring
due to the treatment of the complexes. Thus, by doing
further extensive studies and involving various techniques,
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significant information might be obtained about the
metastatic target.
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