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Evaluation of light-activated Ru(ll) prodrugs and their photoproducts as
potential anti-cancer agents

Maria George Elias

ABSTRACT

Photoactivated chemotherapy (PACT) has emerged as a new method for targeted
cancer therapy. Strained ruthenium based complexes with octahedral geometry may
undergo ligand dissociation once irradiated, forming aquated photoproducts that are
greatly cytotoxic compared to their prodrug complex. The current study evaluates
light-activated ruthenium prodrugs and their photoproducts as potential anti-cancer
agents. The complexes being investigated are: [Ru(bpy)zphen]Clz (unstrained),
[Ru(bpy)2BC]Cl>, [Ru(bpy)dpphen]Cl.. Both strained complexes showed a Amax=
450 nm in the visible range, accordingly, blue LED light (460 nm) was used for their
photoactivation. [Ru(bpy).BC]Cl> was synthesized, purified and characterized by
NMR and investigated for its mechanistic potential against cancer. The aquated
photoproduct of [Ru(bpy)dpphen]Cl> was purified, characterized using ESI/MS and
NMR, and shown to be essential for the exhibited toxicity when its prodrug and light
irradiated complex were tested on human melanoma (A375) cancer cells. The uptake
of [Ru(bpy)2BC]Cl., assessed by ICP/MS, started immediately post incubation and
plateaued after 24 hours. The uptake was mainly attributed to occur via active
transport. Cytotoxicity assays on A375 showed a mean phototoxicity index of 340 at
72 hours, presenting the intracellular aquated photoproducts being effective rather than
the dissociating ligands. A significant increase in ROS production and DNA damage
was also observed. Flow cytometry results revealed the induction of apoptosis.
Western blot analysis of pro- and anti-apoptotic protein revealed apoptosis to be
mediated through both intrinsic and extrinsic pathways, as well as via inhibition of the
MAPK and PI3K pathways. [Ru(bpy)2BC]CI2 (with and without photoactivation), and
[Ru(bpy)(dpphen)H20O]Cl> were also investigated for their in vivo anticancer activity
using a 7,12-Dimethylbenz[a] anthracene/12-O-Tetradecanoylphorbol 13-acetate skin
carcinogenesis mice model. All complexes reduced significantly tumor growth 3
weeks post treatment when compared to non-treated mice. In conclusion, this study
demonstrates that [Ru(bpy)2BC]ClI> is a multi-mechanistic PACT drug which exhibits

promising in vitro and in vivo anti-cancer potentials. It also reveals that

Vi



[Ru(bpy)(dpphen)H20]Cl>, the aquated form of [Ru(bpy)-dpphen]Cl. photoproduct,
has in vitro and in vivo anticancer activity and could be used as a chemotherapeutic

agent.

Keywords: Cancer, Human Melanoma (A375), Photoactivation, Ruthenium,
Apoptosis, DNA damage
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Chapter One

Literature Review
1.1 Cancer

1.1.1 Overview

Cancer develops when the normal cells of the body begin to anomalously
replicate and divide as a result of genetic or epigenetic modifications/mutations, which
allow the cells to detour the regular homeostatic balance of proliferation (Sever &
Brugge, 2015). This irregular propagation may lead to the formation of benign tumors
also known as hyperplasia, where a mass of cells hold an abnormal morphology and
changes in function (Arvelo, et al., 2015; Baba, et al., 2007). Angiogenesis is triggered
by tumour development, namely the establishment of new blood vessels that will
supply the oxygen, nutrients and immune cells to the tumor to further progress.
(Arvelo, et al., 2015; Nishida et al., 2006). Successively the tumor cells will then
endure a plot of events that result in the establishment of a secondary tumor or
metastasise. They have the power to invade short distances, yet they obtain their
disseminating capabilities by intravasating into confined microvasculature from where
they can extravasate, proliferate and develop into secondary tumors, Figure 1.1.
(Arvelo, et al., 2015; Katt et al., 2018). Tumors are classified, depending on the kind
of tissue it has originated from. Accordingly, cancer can be subdivided into six general
categories including solid and non-solid tumors; carcinoma, sarcoma, myeloma,

leukaemia, lymphoma and mixed types (National Cancer Institute, 2015).

1.1.2 Normal versus Cancer cells

The major dissimilarity among normal vs. cancer cells is the proliferation abilities
(Bajaj et al., 2009). Normal cells divide and multiply in an organized route and are
eliminated by the body when damaged. Cancer cells, on the other hand continuously
divide in an unorganized manner at which they evade apoptosis via many mechanisms
(Li, et al., 2007). Cancer metastasis, is a key reason to cancers disease and mortality,
which reports 90% of deaths. Cancer cells are able to separate from the basement

membrane via the loss of certain surface proteins at which they can migrate and spread



to metastasize, which is not applicable in healthy cells (Guan, 2015). Additional
distinctions, comprise lack of differentiation, accumulation of mutations in various
genes, like proto-oncogenes or tumor suppressor genes, as well as disordered cell

signalling in cancer cells. (Martin, 2003)
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Figure 1.1. The development of cancer. Post angiogenesis, tumor cells intravasate
into the local microvasculature from where they can extravasate, develop and grow

into a secondary tumor (Saxena et al., 2013). Modified from Saxena, et al. 2013
1.1.3 Hallmarks of cancer

The main triggers of tumorigenesis are the genetic and epigenetic
modifications. Yet, cancer development is also associated with other factors
comprising, the communication of cancers with the extracellular matrix (ECM)
together with nearby non-neoplastic cells and the attainment of distinct traits that
modify their normal physiology (Hanahan & Weinberg, 2000). Six hallmarks of cancer
were identified to be crucial for pathogenesis. They comprise, sustained proliferation
signalling, replicative immortality, evading growth suppressors, resisting cell death,
inducing angiogenesis, and activating invasion and metastisis (El-Tanani, et al., 2016;
Hanahan & Weinberg, 2000). Hanahan and Weinberg, later showed two added
hallmarks which may greatly add to the pathogenesis of cancers: evading anti-tumor

immunity that is mediated by natural killer cells, macrophages, B and T lymphocytes



and the disruption of the normal cell metabolism in order to encourage neoplastic
proliferation (Hanahan & Weinberg, 2011). The hallmarks of cancer are supported by
two essential characteristics. The first comprises genomic instability and amplified
mutability driving tumor development, and the second, being inflammation that
arranges the tumor microenvironment, which stimulates survival, proliferation as well

as invasion (Duijf et al., 2019) Figure 1.2.
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Figure 1.2. Hallmarks of cancer. The six crucial hallmarks of cancer are sustained
proliferation, limitless replicative potential, evading tumour suppressors, resisting cell
death, stimulating angiogenesis and triggering invasion and metastasis. Additional
hallmarks, that may greatly add to pathogenic capabilities of most cancers are,
avoiding immune destruction and interrupting the normal cell metabolism to
encourage neoplastic propagation (El-Tanani, et al., 2016). Modified from (El-Tanani,
etal., 2016).

1.1.3.1 Continual proliferation

The cell’s capability in sustaining proliferation, alias, uncontrollable cell
division, with no control signal is a key trait of a cancer cell identifying key factors in
table 1.1 (Gillet & Barnes, 2000). Carcinogenesis is a multiple event process where
changes in tissue architecture and the development of pre-neoplastic nodules head the
appearance of cancer, which are due to changes in cell phenotype (Harris, 2002).
Epithelial to mesenchymal transition (EMT) is a result of damage or tumorigenesis or
it may occur prior to it, and develop hypoxia in local regions, where it encourages the
survival and development of tissue stem cells. Epithelial cells change structure from

an ordered apical and basal polarity into a fewer well-ordered, migratory fibroblastic



morphology (Wang, et al., 2010; Harris, 2002). Autophagy is also a promoter of
preneoplastic and tumor cell survival under demanding conditions (table 1.1). In
healthy cells, basal autophagy is a mean, which controls cellular homeostasis by
eliminating protein aggregates and any damaged organelles (Feitelson, et al., 2015).
On the other hand, starvation stimulated autophagy extends cell survival by reutilizing
amino acids and energy, that are essential for cellular health and viability preservation.
The reason for the upturn of basal autophagy in cancer cells is to endure stress which
is because of non-regulated signalling refereed by proliferation, improved glycolysis,
hypoxia and to preserve cancer cells in a state of dormancy (Feitelson, et al., 2015;
Harris, 2002). Hormonal signalling and transduction pathways dysregulation can
initiate sustained proliferation; they can make growth factors on their own, initiating
autocrine proliferating loops, in addition to signaling adjacent normal cells to supply
required growth factors (Cheng, et al., 2008). Dysregulation may also be due to over
expressed receptors or mechanical modifications in the receptor which prime ligand
independent activation (Hanahan & Weinberg, 2011). Each of these may be subjugated
therapeutically (Feitelson, et al., 2015).

Table 1.1. Factors in cell survival and proliferation, which lead to carcinogenesis.
Modified from (Feitelson, et al., 2015).

Factor Contribution to carcinogenesis
EMT Asissts stem cell growth, and metastasis
Hypoxia Hypoxia inducible factors (HIF) encourage growth of Cancer

Stem Cells as well as angiogenesis. HIF alters metabolism;
establishes activation of signaling pathways (Qiang, et al.
2012)

Autophagy Supports cell survival in result of dysregulated signalling-
mediated proliferation, increased glycolysis, and hypoxia

Cancer Stem Disruptive regulation in “stemness,” dormancy, self-renewal,
Cells the potential to make differentiated progeny, resist apoptosis,
and chemo-resistance, effectively transformed cell fate and
uncontrolled cell growth

Cell cycle Disruptive expression of cell cycle proteins (Rb, CDKSs, cdk
proteins inhibitors) lead to dysregulated cell propagation

Signal Hardwired stimulation of many signaling pathways lead to
transduction uncontrolled proliferation (such as, Wnt, Notch, IGF,



pathways PI3K/Akt, NF- B)

Altered cell Initiated transformed survival and development in the counter
metabolism conditions (e.g., hypoxia) in the beginning stages of
carcinogenesis (e.g., altered glycolysis and arginine
metabolism) (Kus, et al., 2018)

Hormone Allow the development of hormone responsive cancers via

signalling continuous activation of estrogen and androgen signalling
pathways.

Tumor Crosstalk of stromal-tumor cell allows for the development

microenvironment | and metastasis of cancer stem cells

1.1.3.2 Evading tumor suppressors

Evasion of tumor suppressors is a vital characteristic of cancer cells. Tumor
cells can escape tumor suppressors via genetic and epigenetic means. Genetic
mechanisms comprise chromosomal modifications like mutations, deletions, loss of
upstream or downstream effectors or inactivation of essential proteins. Epigenetic
escape comprises DNA or histone methylation and acetylation. Tumor suppressors
like the classical gene encoding p53 and retinoblastoma associated (Rb) proteins,
regulate proliferation and cell senescence (Ruhul, et al., 2015). Inhibitory growth
factor signals, received from the exterior of the cell act on Rb protein to drive cell
cycle progression, as well as being a key regulator of DNA replication, differentiation
as well as apoptosis. To move into the cell cycle, the p16 protein must adjust Rb by
inhibiting the cyclin depending kinases which phosphorylate Rb, thus permitting the
E2f family of transcription elements in order to recruit the expression of the associated
genes (Ruhul, et al., 2015; Sage & Burkhart 2008; Sherr & McCormick, 2002). Protein
53 (p53), has anti- tumor growth functions, like DNA repair, cell cycle arrest and
apoptosis. It transduces stressful conditions like low oxygen or glucose, also, cell
damage, which the cell system faces, into molecular downstream signals which initiate
p53 to stop proliferation and begin apoptosis. So, the loss of p53 can lead to genetic
instability and accumulation of mutations driving cancer initiation (Ruhul, et al.,
2015). Phosphatase and tensin homolog (PTEN), also a tumor suppressor and
metabolic regulator, may drive tumor growth if its functional activity is lost. A
phosphatase, PTEN protein, which dephosphorylates phosphatidylinositol (3,4,5) —

triphosphate (PIP3), primes the unrestricted activity of phosphoinositide 3 kinase



(PI3K) and protein kinase B (AKT) signalling, that drives tumor growth. (Chen, et al.,
2018). The transforming growth factor-beta (TGF-beta), also acts as an anti-
proliferative agent, yet, in later stages of cancer, its communication is disrupted and
may move from supressing growth to triggering epithelial-to-mesenchymal transition

(EMT), which activates malignancy and invasion (Pickup, Novitskiy, & Moses, 2013).

1.1.3.3 Resisting cell death

The natural barrier of protection against cancer is apoptosis. When DNA
damage is increased by hyperproliferation as well as increase in oncogenic signals,
apoptosis is stimulated. The regulators of the apoptotic pathway are received either
extrinsically or intrinsically. Upon activation, the regulators act on the inactive
caspases 8 and 9 to initiate a cascade of protein cleavage that will destroy the cell and
be consumed by adjacent cells or phagocytes (Sharma, et al.,, 2019). The
communication of regulator and effectors is organized by pro-apoptotic and anti-
apoptotic proteins. Pro-apoptotic proteins, like Bax translocate to the outer membrane
of the mitochondria in which, the membrane becomes permeable releasing other pro-
apoptotic proteins like the essential Cytochrome ¢, which, results in the activation of
a cascade of caspase proteins (Sharma, et al., 2019; Willis & Adams, 2005). The model
anti- apoptotic protein Bcl-2 (as well as, Bcl-xL, Al, Mcl-1 and Bcl-w) obstruct
apoptosis by seizing the pro-apoptotic proteins like Bax and Bak at their BH3 domain,
which render the mitochondrial membrane proteins inactive (Sharma, et al., 2019).
Protein 53, also induce apoptosis due to DNA damage like strand breaks and
chromosomal anomalies as previously described, yet p53 acts by increasing PUMA
(subgroup of the Bcl-2 family) BH3 and Noxa (pro-apoptotic member of the Bcl-2
family) levels only (Junttila & Evan, 2009; Ruhul, et al., 2015). Another path to
apoptosis is the increased activity of oncoproteins like Myc (Junttila & Evan, 2009).
Cancerous cells can escape the apoptotic paths by mechanisms like the disturbance of
the extrinsic ligand-induced programmed cell death and loss of utility of tumor
suppressors. Cancer cells may also escape by increasing the expression of anti-
apoptotic proteins or decreasing expression of pro-apoptotic proteins (Lowe, Cepero,
& Evan, 2004; Sharma, et al., 2019). Autophagy on the other hand, works on the basal
levels in healthy cells and is greatly expressed in conditions of cellular stress like
glucose deficiency, similar to apoptosis. Autophagy breaks the cells’ machinery for

adjacent cells to make use of in storing energy (Himuro, et al., 2019). Beclin-1 is a



characteristic protein of autophagy, in which it holds a BH3 domain, which permits it
to bind Bcl-2, allowing autophagy and apoptosis to communicate together or act
independently against carcinogenesis (Himuro, et al., 2019; Sharma, et al., 2019).
Necrosis is another form of cell death that can occur in cancer cells. Necrosis swells
the cells till they burst to discharge their cellular constituents into their surrounding
microenvironment. Remarkably, necrotic cells, discharge pro inflammatory signals to
the immediate environment where they recruit immune cells to the necrotic medium
(Karsch-Bluman, et al., 2019). Captivating evidence has shown that immune cells can
help cancer cells stimulate angiogenesis and invasiveness, as well as secrete reactive
oxygen species (ROS) that are mutagens. Necrotic cells may also make bioactive
regulatory elements like, interleukin-1 alpha that can trigger adjacent cells to grow,
thus tumor cells may tolerate some form of necrosis so as to stimulate inflammation
and tumor growth (Grivennikov, Greten, & Karin, 2010).

1.1.3.4 Enabling replicative immortality

Cells’ ability to continuously divide and grow without cell senescence is
known as immortality. Compelling evidence has shown the role of telomeres in the
continuous proliferation of cancer cells, as well as the ability to return to a pre-
differentiated state in the form of a stem cell phenotype that will allow continuous
cellular division (Hanahan & Weinberg, 2011). In healthy cells, telomeres regularly
shorten until losing the capability to safeguard the edges of chromosomes that would
fuse together resulting in unstable DNA that pressures cell viability. The job of the
telomerases is to polymerize and add repeats to the telomeres ends, which are in fact

greatly expressed in immortalized cells like cancer cells (Blasco, 2005).

1.1.3.5 Inducing angiogenesis

The process of angiogenesis is regulated by many signals comprising growth
factors as well as angiopoietin and interleukin 8. Endothelial cells will proliferate and
accumulate to enhance blood supply to the tumors (angiogenesis) (Saman, et al., 2020)
Angiogenesis is moderated by the PISBK-AKT pathway via the upregulation of HIF
which directs the formation and secretion of the vascular endothelial growth factor
(VEGF). (Zhang et al., 2018). Angiogenesis is also aroused by stopping inhibitors like
thrombospondin 1 (Tspl), which may cease angiogenesis in healthy cells by initiating

FasL, which induces programmed cell death of endothelial cells (Lawler & Lawler,



2012; Mirochnik et al., 2008). Tspl in cancerous cells is repressed by hyper-
methylation. Tsp1 and oncogenes like c-Myc, Src and Ras, ensure that the deregulation

of Ras-ERK path is a regulator of angiogenesis (Linhao, et al., 2020)
1.1.3.6 Invasion and metastasis

Metastasis originates via the invasion of tumor cells through the stroma
allowing them to move to the blood stream. Its onset is connected to the changes in
polarity, morphology, adhesion, and cytoskeleton property which are activated via
many factors like the chemokines, growth factor and adhesion receptors (Zijl, et al.,
2011). Many cancerous cells obtain their obstructive and migration abilities via the
loss of their cell to cell adhesion factor E-cadherin, which is a progress known as EMT.
Invasion starts through the bounding of the ECM by exact receptors such as the
integrin, forming actin rich invadopodia, degrading the ECM via matrix proteases, and
migrating through the matrix. A signal ends in cell polarization and development of
migrating protrusions as lamellipodia, trailed by the adhesion to ECM and decrement
of the cell body enforcing the drive away from the migrating front (Bozzuto et al.,
2010; Wang, et al., 2010). Protuberances comprising lamellipodia as well as
invadopodia are made via actin polymerizing process that can be triggered via actin-
related proteins 2/3 (Arp 2/3). Arp2/3 are part of actin nucleation and are controlled
via Wilscott-Aldrich syndrome protein (WASP) and WASP-family verprolin-
homologous protein (WAVE) (Frugtniet, et al., 2015). After breaking into the
basement membrane, the cancerous cells may enter the blood stream and lymphatic
vessels; intravasate, then extravasate from the vessels and form novel tumors, a means
renowned as colonization (Hanahan & Weinberg, 2000). The PI3K-Akt plus the Ras-
ERK paths control invasion and migration through several factors. The Ras-ERK path
may additionally encourage EMT via its downstream goal, the activator protein-1 (AP-
1), which activates the manifestation of EMT-promoting transcription elements (Liu
et al., 2020). AP-1 is moreover involved in invasion and migration via the high

expression of matrix metalloproteases (Ji et al., 2015).
1.1.4 Causes of cancer

Cancer is not the result of a single factor but an accumulation of genetic and
environmental factors (Anand, et al., 2008).



1.1.4.1 The genetics and the kind of mutations that may trigger cancer

Cancer forms due to genetic mutations which may be inherited or acquired
extemporaneously because of replicative errors or due to contact with certain
carcinogens that can provoke DNA damage (Anand, et al., 2008). Such genetic
modifications may comprise the silencing, deletion or loss of function mutations in
tumor suppressor genes and gain of function in proto-oncogenes that may form
fundamental oncogenes, driving malignant neoplasms (Croce, 2009). Epigenetic
modification like the methylation of cytosine may change the communication of
regulators like histone-modifying enzymes or elements which are a part of DNA
methylation (Anand, et al., 2008; Suva, et al., 2013). Certain cancer may be initiated
via viral infectious agents: like Epstein Bar virus, hepatitis B virus, or human
papilloma virus (HPV) (Stanley, 2017).

1.1.4.2 Cell signalling in cancer
1.1.4.2.i RAS-ERK pathway

Mitogen activated protein kinase (MAPK) is a protein modifier via
phosphorylation commonly on serine, tyrosine and threonine amino acids, which
induces downstream modifications (Meister et al., 2013). These modifications were
observed to take part in cell proliferation and migration, thus a key pathway in cancer
development and progression (Khavari & Rinn, 2007). Human cells have four main
forms of MAPK pathways, namely the c-Jun N-terminal kinase/stress-activated
protein kinase (JNK/SAPK) pathway, the p38 kinase pathway, the Big MAP kinase-1
(BMK-1) pathway as well as the classical MAPK/ERK pathway (Baldini et al., 2012).
These paths are all elicited via the activation of a cascade of minimum three key
kinases: MAPKKK, MAPKK, and MAPK (Zhou, et al., 2017). Once they are activated
the mitosis and metabolism as well as gene expression are ordered, thus, cellular
survival. The INK/SAPK pathway works as an apoptotic kinase which responds to
stimuli like tumor necrosis factor, cytokines, UV light, heat shocks, chemotherapeutic
drug etc. (Stadheim, et al., 2002). These stimuli trigger MAPKKKSs that can in order
activate MAPKKs via phosphorylation, which in order activates the MAPK, JNK.
When activating this flow of events, a succession of caspases as well as apoptotic

proteins like Bax and Bcl-2 are controlled accordingly (Qu, et al., 2017). The other



kinase pathway comprises p38 MAPK. This initiates cell growth or death by regulating
the cell cycle and altering the cytoskeleton. It is activated greatly by stressful
environmental factors such as hypoxia (Lee, et al. 2002). This effectively activates the
MAPKKKSs that will start MAPKKs which will successively turn on MAPKSs, p38 is
then activated and a cascade of events triggers downstream effectors and are regulated
accordingly (Makeeva, et al., 2006). A third path of these kinases include the
extracellular signal regulated kinase 5 (ERKS5). This path is also stimulated by stress,
growth factors (EGF and VEGF) and cytokines. This Pathway has a role in cell
proliferation and cell cycle as well as the pathogenicity of cardiovascular factors
(Gomez, Erazo Y Licanzo., 2016). This MAPK member has three signalling cascade
which are of, MAPKKK (MEKKZ2/3) activation which will initiate MAPKK (MEK?5)
to activate MAPK (ERKD5) and trigger a cascade of downstream factors (Gavine, et
al.,2015). The last pathway of the kinases is the conventional MAPK/ERK path
(Figure 1.3.) that comprises the extracellular signal-regulated kinases (ERK1/2). It
was formerly known as the Ras-Raf-MEK-ERK path since it contains a path of protein
which transduce signals from the plasma membranes receptors to the nucleus via
proteins counting ERK (Wang et al., 2018). Raf and Ras are the MAPKKKSs activated
via the exterior stimuli that in turn act in MAPKKs (MEK1 and MEK2) via
phosphorylation which will activate MAPK (ERK1 and ERK?2), triggering
downstream activation of around 100 substrates (Stivala, et al., 2019; Wang et al.,
2018). Some substrates that are controlled by the activation of ERK are Bid/Bax and
p21, and the cell motility inducing MMPs 1, 3 and 9. MAPK can be disabled via
MAPK phosphatases (MKP), that remove the phosphate group from ERK and Raf
deactivating them. This was associated with cell survival, thus several mutations in
these can form cancer (Kondoh, et al., 2007; Sabio & Davis, 2014).

1.1.4.2.ii PI3BK-AKT pathway

Phosphatidylinositol 3-kinase (PI3K) is a heterodimer comprised of a catalytic and
regulatory subunit, respectively p110 and p85 (Liu, Cheng, et al., 2009). Four classes
of PI3K have been identified (classes I, II, 1lI, V). The first is the major class,
subdivided according to which receptor was activated (Jean, et al., 2014). Subclass 1A
(PI3K «a, B, 6) is activated by RTK and subclass IB is activated by (PI3K y) by G

protein coupled receptors (Murthy, et al., 2018). The activation of Ras can activate the

10



p110 domain of PI3K or the activation of the receptor tyrosine kinase (RTK) can bind
along with its adapter proteins and activate the p85 domain of PI3K, thus recruiting
PI3K to the plasma membrane (Yu, et al., 1998). This activity will allow the
phosphorylation of PIP2 (Phosphatidylinositol-4,5,bisphosphate) via PI13K, converting
PIP2 to PIP3 (Phosphatidylinositol-4,5,trisphosphate). Triggering a downstream
activation of the seine-threonine AKT (also known as Protein Kinase B, or PKB)
(Figure 1.3.) that will trigger the phosphorylation of various proteins leading to a
cascade of signals downstream regulating cell survival, one of which include the
tuberous sclerosis proteins 1 and 2 (TSC1/2) and glycogen synthase kinase 3 (GSK3)
(Liu, Remedi, et al., 2009). PIP3 activation and AKT inhibition overexpression can be
prohibited by phosphatase and tensin homologue (PTEN), which degrades PIP3, so, a
mutation, or loss of PTEN can constitutively activate PI3BK/AKT path, as well as a
mutation of PI3K, Ras and RTK (Castellano, and Downward, 2011; Liu, Remedi, et
al., 2009; Georgescu, 2010). The activation of AKT inhibits apoptosis by inhibiting
caspase-9 activity and inhibiting MDM2 (Mouse double minute 2 homolog) which
down regulates p53 (Shi, et al., 2012), also the inhibition of the pro apoptotic Bcl-2
associated death promoter (BAD), which prevents its binding in order to trigger the
anti-apoptotic Bcl-XL protein activity via phosphorylation (Howells, et al., 2011).
Furthermore, the mTOR (mammalian target of rapamycin) is an additional substrate
that is important for cell survival and is controlled by AKT. It contains mMTORC1 and
mTORC2 which are two complexes that are constrained by TSC1 and TSC2
correspondingly. Activating of mTORC1 involves several cellular processes like the
inhibition of autophagy, protein synthesis and cell growth (Alayev and Holz, 2013).
Triggered activation of AKT, will phosphorylate and inhibit TSC1/2 thus, inducing
mTOR and cell survival (Huang and Manning, 2008). AKT is also associated with
hormonal resistance that may restrict hormonal therapies, and tumorigenesis, as well

as drug resistance (McCubrey et al., 2007)
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Figure 1.3. Cell proliferation and growth pathways. (Azad, et al., 2010). Modified
from (Azad, et al., 2010)

1.2 Mechanisms of cell death

1.2.1 Apoptosis

Programmed cell death, known as apoptosis is a form of defence, which occurs in
cells that are distressed intra- or extracellularly by microenvironmental alarms, of
DNA damage, replicative stress, etc., to sustain homeostasis, at which it occurs to
shield cells of viruses, infections and numerous toxic agents (Flusberg & Sorger,
2015). The characteristics of apoptotic cells are identified via their reduced size,
rounded shape, chromatin condensation as well as a dense darkly stained cytoplasm.
A process known as budding occurs to form apoptotic bodies, that have a very different
shape in contrast to normal cells, these bodies are to be engulfed and phagocytized
(Kakarla, et al., 2020). These bodies are phagocytized principally by macrophages, so
that they are completely destroyed by the phagolysosomes. While these bodies can be
engulfed by various immune cells, apoptosis does not prompt and inflammatory
response, majorly due to no production of chemokines and cytokines. (Wallach &
Kovalenko, 2014). The two prime apoptotic pathways are the intrinsic/mitochondrial
pathways and the extrinsic/death receptor pathway, which meet at the endpoint known
as the execution pathway (Elmore, 2007). The cleavage of caspase-3 initiates the
execution pathway to the degradation of DNA and cellular proteins, consequently

forming the apoptotic bodies (Figurel.4.) (Kakarla, et al., 2020).
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Figure 1.4. Programmed cell death. An apoptotic cells chromatin condenses as it
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of the initiator. (Abou-Ghali, et al., 2015). Modified from Abou-Ghali, et al.

1.2.1.1 Intrinsic pathway

Numerous stimuli can act to initiate the intrinsic pathway via intracellular
signals such as high cytosolic calcium concentrations, oxidative stress, hypoxia or
DNA damage; forms of cellular stress, which prime the pro-apoptotic proteins to the
cytoplasm like cytochrome c, due to increased mitochondrial permeability (Harr &
Distelhorst, 2010). Cytochrome ¢ bounds Apaf-1 and procaspase-9 to initiate the
formation of the apoptosomes (Purring-Koch & McLendon, 2000), yet HtrA2/Omi and
Smac/DIABLO inhibit inhibitor of apoptosis proteins (IAP) (Corti, et al., 2018).
Another group of pro-apoptotic proteins, which are discharged into the cytosol in late
apoptosis are the caspase-activated DNase (CAD), apoptosis inducing factor (AIF),
and endonuclease G, which move to the nucleus to trigger DNA fragmentation
(Schindler, et al., 2006).

The intrinsic pathway is greatly controlled by the proteins of the Bcl-2 family
due to the power they have over mitochondrial membrane permeability and thus
cytochrome C release (Gupta, et al., 2009). This family of proteins is divided into pro
or anti-apoptotic proteins. The pro-apoptotic proteins are Bcl-10, Bax, Bad, Bak, BIK,
Bim, Bid, and Bik (Twiddy, et al., 2004). The anti-apoptotic proteins are Bcl-2, Bcl-
w, Bcl-x, Bcl-XS, Bel-XL, Mcl-1 (induced myeloid leukaemia cell differentiation
protein) and BAG (Shamas-Din, et al., 2013; Kilbride & Prehn, 2013).
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The phosphorylation of serine of the pro-apoptotic protein Bad, occurs in the
cytosol unless de-phosphorylation occurs where, it will be translocated to the
mitochondria, triggering the release of cytochrome c (Bhakar, et al., 2003). Bad is also
capable of separating Bcl-XL and Bcl-2 to neutralize their outcome and induce cell
death (Billen, et al., 2008; Zha, et al., 1997). If they are not separated, Bad, Bcl-2 and
Bcl-XL will prevent cytochrome c release from the mitochondria (Billen, et al., 2008).

Additional members of the pro-apoptotic Bcl2 family are Noxa and Puma, that
are controlled by the tumor suppressor protein p53 (Warren, Wong-Brown, &
Bowden, 2019). Anti-apoptotic protein activity is prohibited by the localization of
Noxa to the mitochondria, consequently activating caspase-9 (Nakajima, et al., 2014).
Yet, the upregulation of Puma will surge the expression of Bax, which will move to
the mitochondria inducing the release of cytochrome ¢ (Luo et al., 2005; Lee, et al.,
2008).

1.2.1.2 Extrinsic pathway

The death receptor pathway, commonly known as the extrinsic pathway,
includes a whole set of interactions between receptors and ligands, that transduce
cellular signals leading to their death (Khosravi-Far & Esposti, 2004). The main
ligands of this path are TNF (tumor necrosis factor) and Fas (FasL), which bind their
corresponding death receptors, TNF (type 1 TNF receptor) and CD95 (Fas), which
have conforming intracellular domains which recruit the adaptor proteins such as
FADD (Fas-associated death domain), TRADD (TNF receptor-associated death
domain), as well as caspase 8 (Nguyen, et al., 2000). Subsequently, the complex of
death ligands and receptors is renowned as DISC (death-inducing signalling complex)
an activator of pro-caspase 8, which eventually activates apoptosis through the
downstream activation of caspases and caspase-3, which is a part of the execution

pathway that triggers apoptotic bodies (Raychaudhuri, 2014; Park, 2012).

1.2.1.3 Perforin-Granzyme pathway

The release of granzyme A or B through perforin channels, is a part of a minor
pathway which is strictly associated with immune cells; cytotoxic T and natural Kkiller
cells (Shi, etal., 1997). Apoptotic death is induced, either by granzyme A which directs

caspase-independent cell death via DNA damage (Martinvalet, Zhu, & Lieberman,
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2005), or by granzyme B which triggers the execution pathway via caspase-3

activation by caspase-10 cleavage (Thomas et al., 2000).

1.2.1.4 Execution pathway

The previously discussed pathways meet at one point that is known as the
execution pathway, where the executioner caspases, 3, 6, 7 play a central role in
cleaving various downstream proteins triggering biochemical and morphological
alterations perceived in cells undergoing apoptosis (Walsh, et al., 2008). Initiator
caspases 8,9,10 activate capase-3, which activate CAD to condense chromatin and
allow DNA degradation due to the cleavage of proteins like PARP and NumA
(Stennicke, et al., 1998). The movement of phosphatidylserine to the outer leaflet of
the membrane of apoptotic cells can, which allows their engulfment by immune cells,
be caspase dependent or independent, (Segawa, Suzuki & Nagata, 2011). It is
noteworthy to mention a caspase-3-indpenet mechanism of cell death identified by
either mitochondrial permeability triggering cell death or the loss of mitochondrial

function assisting the caspase-3-independent mode of cell death (Tait, et al., 2014).
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Figure 1.5. Apoptotic pathways. Modified from Walsh, et al., 2013

1.2.2 Necrosis

Necrosis is a cell death process triggered by extracellular injury like hypoxia or
inflammation. Necrotic death is associated with activity of various pro-inflammatory
proteins like the nuclear factor kappa-light-chain-enhancer of activated B cells (xB)

overexpresses to effectively rupture the cell membrane and thus cell content leakage
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(Bharat, 2004; Lenihan & Taylor, 2013). This is why necrosis is characteristic of tissue
damage and events of inflammation (Cao, et al., 2015). It is not energy dependent like
apoptosis, and sudden damage is what results in the cells death as it loses its functional
activity with its surrounding and reacts by oncosis (the cell swelling), which ultimately
bursts. It is noteworthy to differentiate between the endpoint of apoptotic cells and
necrotic cells, as the apoptotic bodies that form, loose their membrane integrity but are
not removed by phagocytosis (Karch & Molkentin, 2015; Cao, et al., 2015; Xu, et al.,
2019)

1.2.3 Necroptosis

Necroptosis is a form of programmed necrosis, which is controlled and activated
by death receptors like TNFR1 (tumor necrosis factor receptor 1) (Linkerman &
Green, 2014). The binding of a ligand to TNFR1, a complex | (pro-survival), loses its
ubiquitin group, that produces either complex lla or 11b. Complex Ila triggers caspase-
8 and eventually apoptosis, but, if caspase-8 is constrained complex Ilb is employed
to trigger the activation of necroptosis (Ikner & Ashkenazi, 2011). RIP1 (receptor
interacting protein 1) stimulates RIP3 by provoking auto-phosphorylation as well as
trans-phosphorylation, at which RIP3 is oligomerized and a multiprotein complex
(necrosome) is moulded (Wu, et al., 2014). Another important protein involved is
MLKL (mixed lineage kinase domain-like pseudo kinase), which is phosphorylated by
RIP3 to oligomerize and move to the cells membrane to fulfil membrane permeability
resulting in necrotic death (Zhao, et al., 2012).

1.2.4 Autophagy

Autophagy is a mechanism at which cellular components like proteins are packed
into the lysosomes to be digested, at which its products may be recycled, or used as an
energy source (Harr & Distelhorst, 2010). This can be initiated due to cellular stress
like the deprivation of nutrients. A protein marker, overexpressed during autophagy
is, Beclin-1. It functions to bound numerous cofactor to control the lipid kinase Vps-
34 protein and initiate Beclin-1-Vps34-Vpsl5 complex, thus inducing autophagy
(Kang, et al., 2011). Beclin-1 can be inhibited by Bcl-2 or Bcl-XL as they bound its
BH3 domain, which can be prevented by the phosphorylation of Bcl-2 and Beclin-1
(Cheng, et al., 2001). Additionally, there is a crosstalk between autophagy and

apoptosis through the caspase-mediated cleavage of Beclin-1, generating N and C
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terminal fragments at which the C terminal fragment moves to the mitochondria,
transducing apoptosis (Kang, et al., 2011).
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Figure 1.6. Autophagy and Apoptotic crosstalk. Caspase-mediated cleavage of
Beclin-1 mediates the crosstalk of apoptosis and autophagy. (Kang, et al., 2011)

1.3 Human Melanoma
1.3.1 Overview

Melanoma, is recorded to be one of the most serious types of skin cancers to
develop in melanocytes of which are our cell forming melanin (Mayo Clinic, 2020).
In the UK, melanoma skin cancer deaths have been reported to be a little more common
in males (56%) than in females (44%) (Cancer Research UK, 2017). Its occurrence
has greatly increased in the U.S by 250% below 30 years and a 47% worldwide surge
in the past 10 years. (Restrelli, et al., 2014). There are numerous biological and
environmental factors that can be a risk to developing melanoma. The nature of
hormones and level destabilisation between males and females as well as different
oxidative stress between genders can be a stimulator of melanoma, as well as family
history (Roh, et al., 2015). The exposure to ultraviolet radiations from sunlight or from
tanning lights have been reported to be environmental factor that can increase the risk
of emergent melanoma (Restrelli, et al., 2014). Treating melanoma, is via the classical
cancer therapeutics, being chemotherapy, immunotherapy and targeted therapy
(Commandeur, et al., 2014).
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1.4 Cancer Therapy

Many different treatments are being implicated and adopted in cancer therapy. These
conventional methods are used depending on tumor location, size, stage, as well as the
patients’ health (Zhang, et al., 2012).

1.4.1 Surgery, Radiotherapy and Chemotherapy

Surgery can be an efficient treatment in treating primary tumors that are localized
and have not metastasized (Tremmel, et al., 2015). In combination to surgery,
radiotherapy can be implemented, prior to surgery to rid outer tumor projections, or
areas of the tumor that cannot be operated on, as well as be used in post-surgery to
destroy any residues of the tumor (Abraha, 2018). Chemotherapy, termed by Paul
Ehelich, to refer to the treatment of cancer using chemicals upon his interest in
alkylating agents, can be used together with surgery, or in combination with
radiotherapy to enhance its effectiveness at local tumors that are not surgically

accessible; yet it is also effective alone (Arruebo, et al., 2011; Lash & Gilman, 2013).
1.4.1.1 Platinum based chemotherapy

Cisplatin was first introduced in the 1960s and is currently used to treat various
tumors. In the early twenty-first century, treatments were cantered on administering
high dosages of cytotoxic chemotherapeutics which, disturbed both malignant and
normal cells. This may have attained tumor abolishment, yet it was linked to great
systemic toxicity, which is the reason behind todays research for therapies that target
only cancer cells more or less (Lippert, 1999; Golubnitschaja, et al., 2016).

Cisplatin, also known as cis-diamminedichloroplatinum (I1), has been
renowned for its mode of action in crosslinking DNAs purine bases, to interfere with
cellular repair mechansims, thus inducing DNA damage, consequently apoptosis
(Tanida, et al., 2012). Despite, it great use, Cisplatin has many side effects like
neuromuscular hurdles, gastro-intestinal harms, ototoxicity, and renal tube injury
(Oun, et al., 2018). Not to mention its primary acquired resistance, at which cancers
overcome its mechanistic damage, by inhibiting the drug’s uptake or inhibiting its
activity by GSH (glutathione) molecules, thus enhancing DNA repair. This is what
initiated the design of new metal based drugs, one being ruthenium (Rocha, et al.,
2018).

18



1.4.2 Immunotherapy

This form of therapy unlike those mentioned above, uses the host immune system
to rid the cancer rather than directly target it. These natural biological constituents can
be made in the laboratories. These include antibodies, interleukins, interferons and
cytokines. Advantages of this therapy is its specificity and regulated toxicity in treating
cancer (Riley, et al., 2019). There are various forms of immunotherapy, like cytokine
therapy, dendritic cell vaccines, but two main ones are: checkpoint inhibitors (CPI)
and adoptive cell therapy (ACT) (Yang & Rosenberg, 2016; Darvine, et al., 2018).
CPIs work by blocking barrier proteins on the T cells and redevelop immunity against
cancers (Darvine, et al., 2018). Adoptive cell therapy comprises of the combination of
numerous mature T cell subsets with the aim of ridding a tumor and inhibiting its
recurrence. CAR-T (chimeric antigen receptor T cells) cell therapy is a form of ACT,
effectively avoiding refractory B-cell malignancies. CAR-T are T cells, that are
genetically modified to target specific tumor antigens via surface receptors at which

they bind and destroy those expressing the antigen (Schepisi, et al., 2019).

1.4.3 Bio-chemotherapy

Administering both immunotherapy and chemotherapy is known as bio-
chemotherapy, and is commonly used in treating metastatic malignant melanoma
(Verma, et al., 2008).

1.4.4 Targeted therapy

This therapy practice, aims to treat cancer by targeting characteristic changes in
cancer cells which aid their proliferation and propagation, in specific the molecular
mechanisms of cancer, thus avoiding toxicity to off-target cells, observed in
conventional chemotherapy (Padova, 2015).

1.4.5 Precision Medicine

This treatment allows health carers to specifically treat patients according to the
genetic understanding alias the tumor profiling of their disease. This allows the usage
of certain treatments upon DNA sequence comparisons (Hodson, 2016). Gene therapy
is one approach, at which the addition of the functional copy of a faulty gene can be
replaced, or modifying the expression of certain apoptotic coding genes like tumor

suppressor genes and oncogene silencing (Kaufmann, et al., 2013).

19



1.4.6 Hormonal therapy

Hormone therapy is a way to slow or stop the progression of breast and prostate
cancers, which are hormone-dependent for growth. Accordingly, nowadays,
luteinizing hormone releasing hormone analog and aromatase inhibitors are

implemented in breast and prostate cancers (Rauh, et al., 2015; Liu, Sun, et al., 2018).

1.4.7 Nanomedicine

This therapeutic includes nanoparticles used to encapsulate certain drug
molecules, to enhance their bioavailability and solubility in tumors. This form of
therapy has been considered and improved due to the size of the nano-molecules (1-
1000 nm), as well as their high surface-to-volume ratio increasing targeted to

combination therapies (Xu, Ho, et al., 2015).

1.4.8 Natural compounds

Natural compounds involve bioactive derivatives from plants, which have been
and continue to be studied for their preventive and therapeutic effects against cancer.
Most of the natural compounds act by inhibiting DNA replication (Lash & Gilman,
2013).

1.4.9 Stem cell transplant

This form of therapy has been implemented in hope to restore blood-forming
stem cells in patients who underwent high doses of radio or chemotherapy and had
their bone marrows destroyed. This enhances the bone marrows utility and permits the
generation of functional cells as well as destroying malignant cells (Khaddour et al.,
2020).

1.5 Ruthenium complexes in cancer treatment

Ruthenium (Ru), a transitional metal, has 3 oxidation states; Ru(ll), (I11) and (1V),
which have a hexa-coordinate ruthenium center with an octahedral geometry, which
allows their binding and intercalation with DNA. The oxidation of Ru(IV) has not been
studied further since it is very unstable. Ru(ll1) is inert in normal tissue, thus, it can be

used as a prodrug, which will be reduced to Ru(ll) upon arrival to hypoxic and acidic
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tumor environments putting it in its cytotoxic state, holding many possible
mechanisms of action (Guo, et al., 2013; Zeng, et al., 2017). Platinum (Pt) and Ru(ll),
Ru(lll) are similar in that they have a high kinetic stability, at which the kinetics of
ligand exchange is imperative of minutes to days, yet, ruthenium has many advantages
over platinum (Groessel, et al., 2010). Due to the fact that cancer cells are promptly
dividing, they must have more iron, which is why cancer cells upregulate the
expression/formation of transferrin receptors, to obtain more iron bound transferrin
(Wessling-Resnick, 2018). Ruthenium has the ability to bind the transferrin receptor
the way iron does, which is of advantage, to normal cells since ruthenium would bind
cancerous cells 2 to 10 folds more. This backs to ruthenium’s selective toxicity,
targeting cancerous cells, thus limiting systemic toxicity, and its advantage over
platinum based drugs (Daniels, et al., 2012; Guo et al., 2013). The mechanism of
cytotoxicity of ruthenium complexes are many. It can hinder the replication and
transcript of telomere DNA by directly binding, thus prompt apoptosis, or by inhibiting
associated enzymes, therefore, inhibiting cell proliferation (Zeng, et al., 2017).
Ruthenium has been shown to accumulate in cellular organelles like the endoplasmic
reticulum (ER), mitochondria, and the lysosomes (Corte-Real, et al., 2013; Bravo-
Sagua, et al., 2013; Puckett & Barton, 2007). Of the ruthenium complexes that target
the ER, cause oxidative stress, inducing apoptosis. As for those, which, brought to the
mitochondria, can cause the loss of membrane potential, its degradation and thus the
activation of the intrinsic apoptotic path via the overexpression of pro-apoptotic
protein such as Bax and the consecutive release of cytochrome c to the cytoplasm,
activating the following caspases, thus apoptosis (Fulda & Debatin, 2006). Also, the
ruthenium complexes which target lysosomes stimulate apoptosis as well as autophagy

by facilitating the formation of the autolysosome (Lin, et al., 2018; Yuan, et al., 2015)

1.5.1 Light-mediated activation of ruthenium prodrugs

1.5.1.1 Photodynamic therapy

Photodynamic therapy (PDT) is constituted of a photosensitizer (PS) activated
by a non-toxic light source, in the presence of tissue oxygen. Most PS in their ground
state (So) have two relaxed electrons of opposite spins (Kaspler et al., 2016). As seen
in figure 1.7; Jablonskis diagram explains after the PS is administered topically,
locally, or systemically, the PS is irradiated with light of a wavelength in its absorption

range, triggering the excitation of the PS to the excited single state (S1), an unstable
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and short lived process (Plaetzer, et al., 2009). In the S; phase energy can be released
in the form of heat/fluorescence and either return to the relaxed state: Sp or undergo an
intersystem crossing (ISC) to a less excited state that is long-lived in triple state (T1),
which can undergo a type I or 1l reaction. Type I includes electron and proton exchange
between cell substrates consequently forming free radicals that can form ROS by
reacting with molecular oxygen forming hydrogen peroxide and hydroxyl radicals
which are greatly toxic. Type II; T1 can transfer its excited state energy to the triplet
ground (stable) state oxygen (302), to form a O singlet oxygen, which is extremely
reactive, forming prompt communications with cell substrates mediating damage and
thus cell death (Mari, et al., 2015).

This therapeutic approach is alluring to cancer therapy because of its selectivity
to the tumor and irradiated region mediating toxicity, accordingly limiting systemic
toxicity. This characterizes PS design. The PS should be built to confine to the tumor,
be inert in the dark and toxic upon irradiation, interpreted as having a high photoxicity

index (PI); the ratio of light to dark, obtained via IC50s. (Kaspler, et al., 2016; Kim, et
al., 2018).

Ruthenium complexes, are considerate for PDT due to their octahedral
geometry which allows the insertion of many ligands to characterize their photo
physical assets and 1O, production which arbitrates DNA damage when exposed to
blue light (Maytin, et al., 2018). What may interfere with the success of PDT is the
amount of oxygen in the tumor, so this prevents its activity in an environment of no
oxygen (Korbelik, 2006).
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Figure 1.7 Jablonski Diagram. Activating a photosensitizer by light irradiation,
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moves it from its relaxed state So to its excited state, S1. The unstable S; can undertake
an intersystem crossing to which an excited triple state T is yielded, which can liberate
radicals and radical ions or transfer energy to 0, to emit phosphorescence thus
forming singlet oxygen and ROS (Caspar & Meyer, 1983). Modified from Caspar &
Meyer, 1983

1.5.1.2 Photo activated chemotherapy

Photo activated chemotherapy (PACT) is a therapeutic way to introduce a
biologically active compound (prodrug) secured from the interaction with cells and
only activated upon light irradiation (photo activation) in certain tumor tissue. This is
opportunistic to the use of inorganic compounds against organic compounds, since
they can be irradiated for activation over a broad spectrum (Peters, et al., 2001). PACT
is advantageous over PDT since it is not dependent on oxygen and can therefore be
applicable to hypoxic tissues. It might also be less photosensitive than PDT because
many compounds are positively charged, that are greatly water soluble when allied
with counter anions, hence aiming for cellular components instead of collecting in fat
tissues. PACT targets cell death primarily by ejecting the ligand, crosslinking to DNA,
which can trigger apoptosis, autophagy or necrosis (Lee, Hur, et al., 2006; Mari, et al.,
2015). Upon PACT, the dissociated active species can target various cellular
molecules and stimulate cell death, making it potentially more advantageous to PDT,
which is reliant on ROS production, which forms an evitable immune response that
causes painful necrotic incidents. PACT targets distinctive organelles or cytoskeletal
constituents which induce cell death due to photo damage. PACT triggers programmed
cell death if death receptors were targeted or mitochondrial membranes deciding the
extrinsic or intrinsic path of apoptosis respectively. Photo toxicity affects specifically
Bcl-2 and Bax (Marques, et al., 2008, Koval, et al., 2010; Kessel, et al., 2012). Necrosis
occurs when the photosensitizer (PS) aim for the plasma membrane, allowing the
intracellular leaks to the environment. Necrosis can be controlled by the dose of light
used and locality of the PS. If high doses are implicated and the PS targets the
membrane, necrosis is expected, while low doses contribute to apoptotic events
(Marques, et al., 2008; Dahle, Steen & Moan, 1999). Autophagy can also be triggered
by PACT, when too much light induced damage ensues, cells can no longer repair
themselves (Kessel, et al., 2012, Kew, et al., 2013). A study observed the ability of

PACT targeting organelles associated with autophagy, like the lysosome, before the
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membrane was lysed, suggesting a therapeutic selectivity to organelles without
completely damaging the cell (Berg & Moan, 1994; Zhou, et al., 2020).

Strained polypyridyl ruthenium complexes, are suited for PDT and PACT.
They have been shown to be best suited for PACT as they are kinetically inert and
easily changed photo chemically absorbing in the visible range. Though most of the
polypyridyl Ru(ll) complexes are stable upon activation, those with an octahedral
geometry will efficiently photo dissociate due to a break in the Ru-N bond and ligand
ejection because of a decreased ligand field splitting; a result of excited triple metal-
centred state. This is obtained through the excited SMLCT state. The ejection of the
ligand allows the aquating of the complex and binding DNA, or the dissociation of
active bits caged by a metal center, generating its active cytotoxicity (Mansour, et al.,
2018, Mehanna, et al., 2019; Campagna, et al., 2007). Khanyzer and team, have been
working on compounds of such, where they built [Ru(Bpy)2(Mezphen)]?* (Mezphen =
2,9-dimethyl-1,10-phenanthroline), Mezphen being the dissociative ligand upon
irradiation forming the aqua complex chemically or intracellularly and the freeing of

Mezphen was successive (Al-Hageh, et al., 2018).

1.5.1.2.i Energy transitions of photo excited compounds

The photo excited sate (visible range) of a compound to *MLCT (metal- to-
ligand charge transfer) state triggers prompt intersystem crossing to a less excited
SMLCT (triplet) state/3IL (triplet intra-ligand) state. Those of the SMLCT form resilient
luminescence of the compound most prominently bound cellular component or DNA.
Yet, those of the 3IL (longer lived) state are reliable on the phototoxic effect of the
compound. They can have two conformations. One being a non-polar form of *IL with
a principal m — m* eccentric which supports the formation of 0O, and 3ILCT (triplet
intra-ligand charge transfer) formal which secures electron transfer effect with oxygen
or the targeting of biological components and reactions which will trigger ROS
(Zerdane, et al., 2017).

1.5.2 Current Ruthenium compounds under study

Several ruthenium complexes have made it to clinical trial, like NAMI-A and KP109
(Meng, et al., 2009). Both these compounds are Ru(l11) prodrugs which are activated

upon the exposure to hypoxic physiological states of cancerous cells, yet they have
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different mechanistic actions against cancer, which both offer selectivity to tumors,
accordingly reducing the treatments side effects (Meng, et al., 2009; Alessio &
Messori, 2019). NAMI-A is functional against only secondary tumors. Clinical trials
have shown its anti-metastatic activity in lung cancers, it only passed phase 1 clinical
trials, after which it showed a stark side effect in phase Il trials and was not further
studied (Rademaker, et al., 2004). KP109 has been shown to be effective on various
cell lines. It has also been shown effective on primary tumors. KP109 reached phase
I1 clinical trials but was withdrawn due to its poor efficacy and little solubility options.
(Bergamo et al., 2009). A different form of KP109 is currently understudy in vitro,
KP1339, which is the sodium salt form of KP109 (Heffeter, et al., 2013; Wernitznig
et al., 2019). Both compounds have proven to be effective against tumors that are

cisplatin resistant (Golla, Swagatika, Chauhan & Tomar, 2017)
1.6 Ru(bpy)2Phen, Ru(bpy)2BC and Ru(bpy)2Dpphen: background

Ruthenium holds many imperative properties that errand the synthesis of complexes
with hypothetical use in PACT. This study looks into ruthenium bipyridyl complex,
which all have octahedral geometry. The unstrained control; [Ru(bpy)z2phen]?* (bpy =
2,2’bipyridine and phen = 1,10-phenanthroline), and the sterically strained complexes
[Ru(bpy)2dpphen]?* (dpphen= 2,9-diphenyl-1,10-phenanthroline) and
[Ru(bpy).BC]** (BC = Bathocuproine = 2,9-Dimethyl-4,7-diphenyl-1,10-
phenanthroline) by methyl or phenyl groups on 2,9- positions of the ligand,
phenanthroline, respectively. The photochemistry of [Ru(bpy).dpphen]PFs was
previously characterized in acetonitrile and showed the dissociation of the ligand, bpy
rather than the strained dpphen ligand, forming [Ru(bpy)(dpphen)(CHsCN)J*
photoproduct (Laemmel, Collin & Sauvage, 1999). The Khnayzer team re-established
this and showed comparable substitution of the chloride complex in water, generating
its aqua complex, at which they investigated it cytotoxic effects on various cancer cell
lines for possible use in photo activated chemotherapy, as it was selectively phototoxic
upon irradiation showing high phototoxicity index. The ligands were biologically
ineffective, reinforcing the idea that the cytotoxic effects were facilitated by the
ruthenium aqua complex generated once irradiated (Mansour et al., 2018). Possible
reasons to why dpphen ligand did not dissociate is ascribed to two possibilities. Either
n-m assembly of the phenyl groups of dpphen (surge activation energy for photo
dissociation) or the firmness of the dpphen compared to bpy, which hold a distorted
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conformation because of the rotations of the pyridine ring around C2-C2’ ring
(Laemmel, Collin & Sauvage, 1999, Mansour et al., 2018). [Ru(bpy).BC]?** holds a
ligand providing great steric hindrance (via methyl groups) and lipophilicity (via
phenyl groups), characterising its immediate uptake by cancer cells. [Ru(bpy).BC]*
photo physical behavior and photochemical substitutions have been propertied but its
photochemotherapeutic mechanistic potential is to be further studied as Mehanna and
colleagues have briefly demonstrated its apoptotic directory (Yoshikawa et al., 2015,
Mehanna, et al., 2019).

1.7 DMBAJ/TPA model induces skin carcinogenesis

The compound, 7,12-Dimethylbenz(a) anthracene (DMBA) is a polycyclic aromatic
hydrocarbon which forms radicals as well as oxygenated metabolites, consequently
leading to the oxidative stresses generating damages by initiating lipid peroxidation
(Rieder, et al., 2000). Previous studies have demonstrated DMBA topical
administration, as a skin carcinogenesis initiator and TPA (12-O-
tetradecanoylphorbol-13-acetate) as an enhancer acting as a proinflammator
increasing cytokines (Kong & Xu, 2018). The tumors are initiated and promoted
further due to DNA damages by DMBA, followed by continuous application of a
chronic promoter; TPA, which activate protein kinase C (PKC), via two pathways.
One includes the phosphorylation of CREB and the other includes the de-
phosphorylation of AKT, increasing proliferation (Chung, et al., 2011; Nasti, et al.,
2016).

1.8 Aim of the study

The primary aim of this study, is to synthesize and evaluate polypyridyl ruthenium(ll)
complexes, [Ru(bpy)zphen]Clz, [Ru(bpy)2BC]Cl>, [Ru(bpy)2dpphen]Clz, and generate
[Ru(bpy)(dpphen)H20]Cl> (as a chemotherapeutic) from its prodrug to study the
photochemical behaviour and in vitro PACT potential, as well as the in vivo
tolerability, toxicity and efficiency of [Ru(bpy)2BC]Cl2 and
[Ru(bpy)(dpphen)H20]Cl> as chemotherapeutics, due to the promising therapeutic
abilities of [Ru(bpy)2dpphen]ClI in vivo.

The objectives implemented for the aims of this study:

>  Synthesize and purify [Ru(bpy)2phen]Cly, [Ru(bpy)2BC]Cl,
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[Ru(bpy)2dpphen]Cl> prodrugs by UV/vis spectroscopy, proton nuclear magnetic
resonance (*H NMR), and test the irradiated (photo activated) chemical
trasnformations via *H NMR and HR-ESI/MS (high resolution electrospray
ionization mass spectrometry)

>  Generate [Ru(bpy)(dpphen)H20]Cl; through the photo-induced transformation
of its prodrug [Ru(bpy)2dpphen]Cl:

>  Cytotoxicity assays, of the compounds on human melanoma cell line (A375)
in dark and blue LED light irradiated conditions, for in vivo comparisons on a skin
carcinogenesis model on balb/c mice.

»  Study the cytotoxicity of [Ru(bpy)2BC]Cl. on A375 by quantifying cellular
uptake via inductively coupled plasma mass spectrometry (ICP/MS), flow cytometry
examination for cell death via annexin/7-AAD staining, clarification of the
mechanisms mediating cell death via western-blotting, and ruthenium(Il) induced
DNA damage assessment via the comet assay, as well as the detection of ROS
generation.

> Investigating the safety, toxicity and efficacy of the chemotherapeutic effect of
[Ru(bpy).BC]Cl. and [Ru(bpy)(dpphen)H2O]Cl. in a DMBA/TPA skin
carcinogenesis model, whilst the photochemotherapeutic effect of the prodrugs is still
under the development of an appropriate model to elicit its PACT potential.
Biological mechanisms are to then be studied for those mediating tumor cell death

via western blotting.
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Chapter Two

Materials and Methods

2.1 Chemicals and Reagents

1,10-Phenanthroline, cis-Dichlorobis(2,2’-bipyridine) ruthenium 11, 2,9-Dimethyl-
4,7-diphenyl-1,10-phenanthroline, Silica Oxide for Column Chromatography; 60A,
Aluminium  Oxide for Column  Chromatography, Sephadex LH-20,
Hexafluorophosphate, Ethylene glycol, PVDF sterile syringe filters (33 mm, 0.45
pm, Millipore® Millex®), PTFE syringe filters, Dowex-22: Chloride coated
beads, Dulbecco’s Modified Eagle’s Medium (DMEM), (with 4.5 g/L glucose/ L-
glutamine/ sodium bicarbonate/ sodium pyruvate, liquid, sterile-filtered), Dulbecco’s
Phosphate Buffered Saline (PBS) 1X (with MgCl, and CaCl,), Trypsin- EDTA with
phenol red 1X, Triton X-100, SDS, Glycine, Polyoxyethylkene (20) sorbitan
monolaurate (Tween 20), Bovine serum albumin, 2-mercaptoethanol, glycerol, Trypan
blue, DMBA (D3254), TPA (P1585), Tris-HCI and NaOH pellets were purchased
from Sigma Aldrich, Missouri, USA and used without any further purification. NaCl
was purchased from HiMedia, India. APS and Tris Base were purchased from Fisher
Scientific, USA. Penicillin-streptomycin solution for cell culture, 10K/10K stock,
10,000 U/mL Pen/Strep was purchased from Gibco, Germany. Fetal bovine serum
(heat inactivated, sterile- filtered) was purchased from Lonza, Germany. LC-MS grade
water, Acetonitrile, DMSO, Methanol, Ethanol, Nitric Acid and Acetic Acid, from
Fisher Chemical. Cell Proliferation Reagent WST-1 from Roche Diagnostics,
Indianapolis, IN, USA. Acrylamide/Bis solution, TEMED, Laemli Buffer Goat Anti-
Rabbit secondary antibody (HRP Conjugate), and Goat Anti-Mouse secondary
antibody (HRP Conjugate) were purchased from Bio-Rad, Hercules, CA, USA.
Spectra Multicolour Broad Range Protein Ladder, from ThermoFisher, UK. Anti-beta
actin (ab8227), Anti-Cleaved Caspase-3 (ab49822), Anti-cleaved PARP-1 (ab32064),
Anti-Bax (ab32503), Anti-cytochrome C (ab133504), Anti-PERK (ab76299), Anti-
ERK (ab184699), Anti-AKT (phospho T308) (ab38449), Anti-pan-AKT (ab8805)
Anti-Caspase 8 (ab108333) Anti-Beclin-1 (ab207612) antibodies were purchased from
Abcam, Cambridge, USA.

Human melanoma cell line (A375), originated from a 54-year-old female via explant
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of her tumor. This cell line is greatly used in research for the understanding of
metastasis and tumor growth by studying several pathways. (Imanis Life Sciences,
n.d.).

2.2 Kits and Solutions

e Guava® Nexin Reagent mix-and-read assay kit (Texas, U.S.A)
e DCFDA/H:DCFDA Cellular ROS Assay Kit (Abcam, Cambridge, U.S.A)

e Comet assay Kit - R&D Systems Trevigen (Maryland, U.S.A.)

The following solutions and buffers were prepared:

RIPA buffer: 50mM Tris-HCI, pH 8.0, 150mM NaCl, 1% Nonidet P-40 (NP-40) or
0.1% Triton X-100 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate
(SDS), 1mM sodium orthovanadate.

Resolving gel (10%) (for 2 gels): 8 ml type 2 water, 6,6 ml 30 % acrylamide, 5ml
buffer pH=8.8, 100uL 20 % SDS, 200uL 10 % APS, 10uL. TEMED

Buffer for separating gel (500 mL): 90.75 g Tris base, 500 mL distilled water,
pH=6.8
Stacking gel (10%) (for 2 gels): 4.2 ml type 2 water, 1.275 ml 30 % acrylamide, 1.875
ml buffer pH=6.8, 37.5uL 10 % SDS, 75uL 10 % APS, 7.5uL TEMED

Buffer for stacking gel (200 mL): 12 g Tris base, 200 mL distilled water, pH=8.8
Running buffer 5X (TGS)(1L): 159 Tris Base, 72g glycine, 25 mL 20% SDS, pH=8.3
Transfer buffer 5X (500 mL): 7.6g Tris Base, 37.5g glycine, pH=8.5
Transfer buffer 1X (100 mL): 20 mL Transfer buffer 5X, 60 mL distilled water, 20
mL methanol
TBS 10X: 24.2 g Tris Base, 80 g Glycine, pH=7.6
Tris-buffered saline with Tween 20 (TBST): 40 mL TBS 10X, 360 mL distilled
water, 0.1% Tween-20
Blocking buffer: 5% bovine serum albumin (BSA) in TBST
Alkaline Unwinding Solution: pH>13: Per 50 ml of Alkaline Solution: 0.4 g NaOH
Pellets, 250p1 200mM EDTA (cat # 4250-050-04), 49.75mL dH20
Alkaline Electrophoresis Solution, pH >13: 8 g NaOH pellets, 2 ml 500mM EDTA
(pH=8), add to 1L dH>0
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Fixation solution (Per sample): 10ul 10X Fixation Additive (cat# 4254-200-05), 10ul
glacial acetic acid, 30ul dH20, 50ul methanol

Staining solution (Per sample): 35ul dH20, 5ul 20X Staining Reagent #1 (cat#4254-
200-01), 5ul 20X Staining Reagent #2 (cat#4254-200-02) 5ul 20X Staining Reagent
#3 (cat#4254-200-03). 50ul 2X Staining Reagent #4.

2.3 Ruthenium Complexes
2.3.1 Ru(bpy)2Phen.Cl2 synthesis

Ru(bpy),Cl,.2H,0 (100 mg, 0.20 mmol) and 1,10-phenanthroline (39.64 mg, 0.22

mmol) were dissolved in a solution of ethanol to MiliQ water (1:1) (8 mL) in a round-
bottomed flask (RBF). The solution was degassed under Argon for 1 hour and then
refluxed for 3 hours at 90°C. Once complete, the solution was cooled to room
temperature, solvents were evaporated under reduced pressure, and the product was
dissolved in enough methanol, at which an aqueous solution of saturated KPFs was
added to allow precipitation at 4°C. The precipitates were then collected via vacuum
filtration and washed thoroughly with ice cold H.O. The product was dried in the
vacuum oven overnight. Next, [Ru(bpy)zphen]PFs was purified by column
chromatography on sephadex LH20 using methanol as the eluent, and fractions
were collected and joined depending on color intensity, as well as the peaks
448nm detection, and dried under reduced pressure. Yield: 121.4 mg; 91%. H
NMR and ESI-MS were used to evaluate their photochemistry and purity. To use the
product [Ru(bpy)2phen]PFe, biologically, conversion of the complex to chloride salt
was achieved, using enough dowex beads washed well in MiliQ water and then the
drug added to them in a beaker along with enough MiliQ water to cover the dowex
beads and left overnight to allow complete conversion. The solution (orange), was then
filtered through micropores (PVDF sterile syringe filters, 33 mm, 0.45 pm,
Millipore® Millex®).

2.3.2 Ru(bpy)2BC.Cl2 synthesis

Ru(bpy)2Cl2-2H>0 (100 mg, 0.19 mmol) and BC (74.25 mg, 0.21 mmol,
MW 360.45 g/mol) were mixed in 8 mL ethylene glycol in a RBF and degassed

for 1 hour under argon. Next, the solution was refluxed for 6h at 200 °C for 6
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hours in the dark (to avoid photo reactivity resulting in photoproducts). The final
product was then cooled to room temperature and filtered across micropores
(PTFE syringe filters) into a beaker at which it was precipitated by adding a
saturated aqueous solution of KPFs dropwise. The precipitate was then vacuum
filtrated, and moved to the vacuum oven under which it was dried overnight.
The precipitate was then dissolved in ImL methanol, and purified by column
chromatography on sephadex LH20 using methanol as the eluent. The purified
fractions were then joined intensity color wise, additionally according to UV/vis
454 nm peak detection and dried of methanol under reduced pressure. Yield:
179.7 mg, 89%. To test for the purity and photochemistry of our products,
deuterated acetonitrile (500 uL) was used to dissolve 5mg of the product and
moved to NMR tubes to be tested. *H NMR and ESI-MS were used to evaluate their
photochemistry and purity.

To use the product [Ru(bpy).BC](PFe)2, biologically, conversion of the complex to
chloride salt was achieved, using enough dowex beads washed well in MiliQ water
and then, the drug added to them in a beaker along with enough MiliQ water to cover
the dowex beads and left overnight to allow complete counter-ion exchange. The
solution (orange), was then filtered through micropores (PVDF sterile syringe
filters, 33 mm, 0.45 um, Millipore® Millex®).

2.3.3 Ru(bpy)2Dpphen.Clz synthesis

2,9-diphenyl-1,10-phenanthroline (Dpphen) was synthesized according to a
published procedure (Dietrick-Buchecker, et al. 1982). Ru(bpy)2 Cl2-2H20 (100 mg,
0.2 mmol) and dpphen (69 mg, 0.19 mmol) were mixed with ethylene glycol (8 mL)
in a RBF. The solution was degassed for 1 h under argon pressure and then refluxed
for 6 hours. After cooling at room temperature, the product was filtered across
micropores (PTFE syringe filters) into a beaker at which it was precipitated by
adding a saturated aqueous solution of KPFs, then vacuum filtrated and washed
thoroughly with ice cold H20. The product was dried in the vacuum oven overnight.
The precipitate was then purified by column chromatography on silica gel and eluted
with 92 % acetonitrile, 7 % H20 and 1 % KNO3. Fractions were tested via UV/vis for

peak 448nm and combined accordingly noting colour intensity and evaporated under

reduced pressure. The solid was re-dissolved in a saturated aqueous solution of KPFg
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to rid NOs3, then vacuum filtrated and washed thoroughly with ice cold H2O and
dried in the vacuum oven. Yield: 153.5 mg, 72 %. To test for the purity and
photochemistry of our products, deuterated acetonitrile (500uL) was used to
dissolve 5mg of the product and moved to NMR tubes. *H NMR and ESI-MS were
used to evaluate their photochemistry and purity. For biological testing the
hexafluorophosphate salt was converted to chloride salt using Dowex chloride ion
exchange resins to promote the solubility of the complex in water. Using enough
dowex beads washed well in MiliQ water and then the drug added to them in a beaker
along with enough MiliQ water to cover the dowex beads and left overnight to allow
complete conversion. The solution (orange), was then filtered through micropores
(PVDEF sterile syringe filters, 33 mm, 0.45 pm, Millipore® Millex®).

2.3.3.1 Agua complex

The precursor was exposed to Blue LED light (100 mW/cm?, I=99) for 3 hours
in MiliQ water, and directly injected into the ESI-MS to insure the maximal formation
of the agua complex photoproduct. To purify the photoproduct, column
chromatography on two sequential columns (40/60) of alumina (20 cm) were
performed using DCM: MeOH (99.7: 0.3) to elute the compound required in fractions.
Fractions were tested via UV/vis for peak shift from that of the precursors (448 nm)
and combined accordingly noting colour intensity and evaporated under reduced
pressure. To test for the purity and photochemistry of our products, the
compound was dried of eluents and 5mg were weighed and dissolved in
deuterated water (500uL) and moved to NMR tubes to be tested on *H NMR. To
test via ESI-MS, a concentration of 20 uM of the product was prepared in MeOH and
directly injected into the ESI-MS.

For biological testing the purified fractions, which contain the photoproduct
were dried of DCM and MeOH and dissolved in water at which their
concentration was detected using UV-vis to prepare a stock. The stock solution
(yellow), was then filtered through micropores (PVDF sterile syringe
filters, 33 mm, 0.45 um, Millipore® Millex®).

2.4 Testing the lipophilicity of [Ru(bpy)zphen]Cl2, [Ru(bpy)2BC]Cl:,
[Ru(bpy)2dpphen]Clz2 and [Ru(bpy)(dpphen)H20]ClI2
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The lipophilicity of [Ru(bpy)zphen]Cl2, [Ru(bpy).BC]Cl2, [Ru(bpy)2dpphen]Cl. and
[Ru(bpy)(dpphen)H20]Cl> was measured by calculating the partition coefficient
between water and octanol phases or logP, using a modified method (Hageh et al.,
2018). The compound in study was weighed (0.5-2 mg), and re-suspended in water
saturated with octanol (1 mL). The mixture was placed in a shaker at 230 g for 1 h at
room temperature. Complete separation of the aqueous and organic phases was
achieved by centrifugation at 1,670 g for 10 min. Using a glass syringe, the lower
aqueous phase was aspirated while degassing through the organic (octanol) phase. UV-
vis absorption spectra were then acquired for both phases and logP values were
computed using the formula below:

Coctanol

logP = log ( ) where C is the concentration derived from photometric data.

2.5 Cell line
Human melanoma; A375 cell line was purchased from ATCC (www.atcc.org).

2.6 Cellular uptake of Ru(bpy)2BC.Cl2 precursor vs. photoproduct via ICP/MS

A final concentration of 10° human melanoma cells (A375)/mL were seeded in 6-well
plates, and adhered overnight at 37°C in an environment of 5% CO,. The cells were
then treated with a final concentration of 3 uM of either [Ru(bpy).BC]Cl; as a
precursor or its photoproduct, which was generated via a blue LED light activator
setup for 3hours and detected via UV-vis (Figure 3.18). After 0, 1, 3, 6, 12 or 24 hours,
the media was removed, and the cells were washed three times with cold PBS and left
dry. The following day, 400uL of 68% HNO3 was added to each well, for an hour and
a half, for complete digestion. The digests were moved to 15mL conical tubes, to
which 7mL milliQ water was then added, followed by the addition of 7mL of 10ppb
internal standard of indium, which resulted in a final concentration of 2% HNOs. The
cellular uptake of Ru(Il) was quantified via ICP-MS based on external standards. The
results are averages of three different experiments (+ SEM), optimized following the

calibration curve and expressed as uM/cell.
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Figure 2.1. Calibration curve generated by plotting the peak areas (measured by

the ICP-MS) against known concentrations (102Ru(STD)).
This curve was used to quantify the cellular uptake of both [Ru(bpy).BC]CI2 precursor
and its photoproduct; y= 8.7x10*x + 2.1x10* and R?= 0.99938

Table 2.1. Conditions and parameters selected on the ICP-MS machine.

Parameter Value
Plasma RF power 1550W
Nebulizer gas flow rate 1.0 L.min'?
Auxiliary gas flow rate 0.8 L.min'?
Collision gas flow rate (He) 4.7 L.min?
KED voltage 3V
Extraction lens -250 vV
Isotope monitored 2Ry
Dwell times 10ms

RF, radio frequency; He, helium; KED, kinetic energy discrimination

2.7 Mode of uptake of [Ru(bpy)2BC]ClI2 precursor

A375 (1x10° cells/mL) were seeded in 6-well plates (2 ml/well in DMEM) and
incubated overnight at 37°C and 5% CO.. Cells were then treated with 3 uM of
[Ru(bpy)2BC]Cl2 under various conditions, to determine the mechanism of uptake.
The incubation periods were determined, based on results from exploratory

experiments.
For temperature uptake, cells were cultured in DMEM media and incubated for 2
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hours at 4 and 37°C with [Ru(bpy)2BC]Cl2 (3 uM).

In order to inhibit transferrin receptor mediated uptake, cells were pre-treated with

1ug/ml of anti-transferrin antibody (Abcam, Cambridge, USA) for 2 hours, followed
by an additional 2-hour incubation at 37 °C and 5% CO: with 3uM of
[Ru(bpy)2BC]ClI> in the presence of the antibody.
The medium was then removed precisely as mentioned previously in section 2.6 and
analysed via ICP-MS. The results are averages of three different experiments (+
SEM), optimized following the calibration curve (Figure. X above.) and expressed as
uM/cell.

2.8 Cytotoxicity Assay
2.8.1 Cytotoxicity of [Ru(bpy)2BC]Cl: (dark vs. light), Ligands and Cisplatin

A375 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 10% FBS and 1% Penicillin/Streptomycin and incubated in a humidified
chamber at 37 °C and 5% COz, Cells (10* cells/mL) were then seeded in 96 well culture
flat bottom plates. The complexes, whether in the dark or light activated, as well as
their ligands and cisplatin were tested for their cytotoxicity, after achieving a
concentration of 120 #M in the first well, then a 3-fold serial dilution, pipetted along

50ulL from each well to the other, resulting in 8 different final concentrations of the

drug (range of 120 #M to 0.006 #M). One of the complex treated plates was exposed,
12 hours after drug addition, to blue LED light (I=50; 100 mW/sz), for 30 minutes,
while a copy of this plate was kept in dark conditions. After 72 hours, the medium was
removed and 100 uL DMEM; followed by 10 uL of WST-1 (Roche Diagnostics,
Indianapolis, IN, USA), a cell proliferation reagent were added to each well. After an
hour, the absorbance was measured at 450nm using the VarioskanTM LUX
Multimode microplate reader (ThermoFisher). Three independent experiments were

implemented, and each sample was triplicated.

2.8.2 Cytotoxicity of [Ru(bpy):BC]Cl. activated intracellularly in a
[Ru(bpy)2BC]CI2 free medium

Same procedure as 2.8.1 applies, yet the supernatant was removed and 100 uL of

DMEM, was added prior to activation, ensuring only the compound taken up by the
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cell is activated and the only effective.

2.8.3 Cytotoxicity of [Ru(bpy)2BC]Cl2 photoproducts on seeded A375

Same procedure as 2.8.1 applies, yet the 3-fold serial dilution of only the drug was
performed on a separate 96-well plate, at which it was activated for 30 minutes and
then each well filled drug was transferred to its consecutive position on the 96-well

plate, which contained the seeded A375 cells, and incubated for 72 hours, till analysis.

2.9 ROS detection

To investigate, for the presence of reactive oxygen species in treated cells, DCFDA/
H.DCFDA-cellular ROS Assay Kit (Abcam, Cambridge, USA) was used. 25000
cells/mL of A375 cells in DMEM were seeded in two 96-well plate (dark vs light
irradiated plate). Cells were treated with IC 50 drug concentration and after 12 hours,
were washed with 1X kit buffer, and stained with DCFDA (25 uM) for 45 minutes,
then re-washed with 1X kit buffer, after which Phenol red free media was added. One
of the plates was irradiated by blue LED light for 15 minutes, whilst the other was in
the dark. The plates were then immediately scanned to measure fluorescence, using
the VarioskanTM LUX Multimode microplate reader (Thermo Fisher) at an
excitation/emission of 485/535 nm. To generate the positive control (20 uM TBHP),
cells were washed with 1X kit buffer, and stained with DCFDA (25 uM) for 45
minutes, then removed and TBHP was added in phenol red free media, and incubated

for 2 hours and scanned as mentioned above.
2.10 Western blot

A375 cells (10° cells/mL)were plated in 6-well plates and treated with double the IC50
concentration of [Ru(bpy).BC]Cl: after which one of the plates was irradiated by blue
light for 30 minutes, 12 hours after drug addition, and the other kept in the dark. After
certain time points (24, 48 and 72 hours), plates were placed on ice and the
supernatants were moved into labelled conical tubes, at which they were centrifuged
at 1500 rpm for 5 minutes at 4 °C. Only pellets were kept in each tube. Meanwhile,
200 uL of lysis RIPA buffer were added to each well, and cells were scrapped, and

moved on top of their corresponding pellet, then put on the shaker for 10 minutes at 4
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°C. Samples were, centrifuged at 13000 rpm for 15 minutes at 4 °C, and the
supernatants (containing the proteins) were transferred to Eppendorf tubes. Using the
Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA), 2 uL each protein lysate was
mixed with 3 uL RIPA buffer and 200 uL of diluted Bradford reagent. The mixture of
each was moved to a 96-well plate to read its absorbance at 595nm using the
VarioskanTM LUX Multimode microplate reader (ThermoFisher). After generating a
standard curve using BSA and RIPA buffer, the absorbance results obtained were used
to prepare a concentration of 20 ug of each protein condition in RIPA buffer and 2x
Laemli Buffer containing 9% S-mercaptoethanol, to insure equal loading. The samples
were then heated at 100°C for 5 minutes.

The resolving and stacking gels were prepared in between a thick and short glass plate
clamped to a 1.5mm spacer plate on a casting frame. Once dry the gels were moved to
the SDS-page cassettes, and running buffer (TGS1X) was added. Combs were then
carefully removed. 20 uL/well of each protein (20 ug) were loaded and 5 uL of ladder
was added to the first well. Gel Electrophoresis was set to run at 80V for 30 minutes
and then at 120V for 90 minutes. Meanwhile, PVDF membranes (6.5x8.5cm) and
filter pads (7x9cm) were cut. PVDF membranes were activated in methanol for 1
minute, then washed in distilled water and moved to transfer buffer till use. Filter pads
were soaked in the transfer buffer along with the gels post-run for 15 minutes. A
sandwich of pad-membrane-gel-pad was prepared cautiously to prevent bubbles and
placed in a cassette in a Semi-dry blotter (Bio-Rad, Hercules, CA, USA) set at 1A for
30 minutes to transfer proteins from the gels to PVDF membranes (Pall Corporation,
Ann Arbor, USA). Once complete, membranes were removed and blocked in blocking
buffer (1x TBS, 0.1% Tween-20, 5% BSA) for 45 minutes. They were then probed
overnight with primary antibodies against several apoptotic and anti-apoptotic protein
markers at 4°C overnight. The primary antibody was then removed and membranes
were washed thrice with TBS-T for 10 minutes. The membrane was then treated with
either rabbit or mouse horseradish peroxidase (HRP)-coupled secondary antibodies
(Abcam, Cambridge, UK) for 1 hour and 30 minutes, then washed away with TBS-T,
thrice for 10 minutes.

Protein detection was then performed using the chemiluminescence ECL kit (Bio-Rad,
Hercules, CA, USA). A 1:1 mix of Clarity Western Peroxide Reagent and Clarity
Western Luminol/Enhancer Reagent were added to cover the membranes in the dark

for 2 minutes. Blot images were then obtained using the ChemiDoc imaging
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instrument (Bio-Rad, Hercules, CA, USA). Lastly, band intensities were quantified
and reported as a ratio of protein of interest to actin using the Image Lab software (Bio-
Rad, Hercules, CA, USA).

2.11 Comet assay

DNA damage was evaluated using the Comet Assay kit (4251-050-k) purchased from
R&D systems (Minneapolis, USA). A375 human melanoma cells were seeded in 6well
plates at a concentration of 10°cells/ml and either untreated or treated with 1Cso drug
concentration for 12 hours, after which, one of the plates was irradiated with blue light,
while the other was kept in the dark. Incubation of the cells for 24, 48, and 72 hours at
37°C and 5% CO, was performed. KMnO4 and PBS were respectively used to generate
positive and negative controls for 25 minutes. Subsequently, cells in the supernatant
were collected, the well were washed with PBS and trypsinized for 5 minutes. The
collected cells were centrifuged for 10 minutes at 3000 rpm and the pellet was washed
with cold PBS. 10°cells/ml of the pellet were combined with low melting agarose
(LMA) at 37°C at a ratio of 1:10, spread on the total surface of the comet slides and
left in the dark at 4°C for 30 minutes for the agarose to solidify. The slides were then
immersed in Comet Assay lysis solution overnight at 4°C. Lysis solution was then
tipped off the next day, and the slides were flooded with an alkaline unwinding
solution (200mM EDTA, 1mM NaOH) for 30 minutes at room temperature in the dark.
The slides were then washed in alkaline electrophoresis buffer solution buffer (1X
TBE, pH 13) for 5 minutes and then transferred to horizontal electrophoresis
apparatus, at which they were placed at an equal distance from the electrodes. Slides
immersed in Electrophoresis buffer (1X TBE, pH 13) were subjected to
electrophoresis, run at 20 V for 25 minutes. Once completed, slides were tapped off
from excess TBE, washed twice with deionized water for 5 minutes then with 70%
ethanol for another 5 minutes and left to air-dry. Next, samples were fixed using a
fixation solution for 20 minutes at room temperature, immersed in deionized water for
30 minutes and then stained with staining solution for 5-20 minutes at room
temperature, until the comet tails acquired the desired intensity under the microscope
(10X objective). When observed, the reaction was stopped by adding 5% acetic acid
(100uL) for 15 minutes followed by a deionized water wash; slides were then air-dried

and stored in the dark until set for analysis. A total of 50 aimlessly selected cells were
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assessed and scored for tail intensity using the Comet Analysis Software Package
(CASP). DNA damage is imitated by increased tail moment index (TMI), which is the
tail DNA content of cells multiplied by the tail length and divided by 1000 (Lu, et al.,
2017).
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Figure 2.2. Comet Assay demonstration
2.12 Cell death analysis

Annexin V-Phycoeryhtrin (Annexin V-PE) and 7-AAD (7-amino-actinomycin D)
staining (Guava Nexin Reagent Kit, Luminex, Austin, Texas, U.S.A), were used to
analyse cell death and the path of death it takes 24, 48 and 72 hours post-treatment.
A375 cells were seeded in a 6-well plate (10° cells/mL) and treated with 1C50 light
concentration of [Ru(bpy)BC]Cl.. After 12 hours, the plate was irradiated with blue
LED light (1=50, 100 mW/cm?) and incubated at 37 °C and 5% CO.. After 24, 48 and
72 hours, supernatant/medium was moved from each well into respectively labelled
conical tubes onto ice. The cells were trypsinized with 200 ,, trypsin /well, and the
detached cells were moved on top of the previously collected media respectively
/labelled conical tube. Then, 10uL of this mix was added to 10uL Trypan blue to count
the cells under the inverted microscope (Nikon Eclipse TE300). A final concentration
of 500 cells/uL was obtained and adjusted per condition into Eppendorf tubes on
which, centrifugation at 1500 rpm for 5 minutes at 4°C, was performed. The

supernatant was dissolved, and the pellet was suspended in 100 uL Guava Nexin
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Reagent buffer, provided by the kit. Each sample was pipetted onto a 96-well plate,
and incubated in the dark for 10 minutes. Cells were then analyzed using the Guava®
easyCyte 8HT Benchtop Flow Cytometer (Millipore, Luminex, USA). AnnexinV/7-
AAD data was measured on FL1-H versus FL2-H scatter plot.
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Figure 2.3. Cell death analysis demonstration
2.13 In vivo methods
2.13.1 Estimation of the LD

Using a modified acute toxic class (ATC) method (Erhirhie, et al., 2018), one BALB/c
female mouse of 6-weeks-old, was administered one dose of [Ru(bpy).BC]CI: IP,
sequentially based on the record of death, recording it as the lethal dose (LD).
Knowing the LD; another mouse was used, to test another dose by reducing the dose
previously reported as LD, if death was not observed the dose would be increased

subsequently on another, leading to the determination of our lethal dose range.

i
3

Figure 2.4. LD demonstration
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2.13.2 Determination of Maximum Tolerated Dose

Once LD was detected, MTD (Maximum Tolerated Dose), (Wu, et al., 2016) was
tested over a 28-day period of weekly IP injections of [Ru(bpy).BC]Cl2, which
accordingly will decide the dose used for treatment, to test its efficacy. Mice (four
groups of three) were monitored over the 28 days for changes in body weight,
physical or behavioral signs of discomfort and contra indication effects of the
treatment. Groups are demonstrated in figure 2.5. A group receiving weekly

injections of saline was added for comparison.
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Figure 2.5. MTD demonstration

2.13.3 Induction of skin carcinogenesis

A BALB/c mouse, skin cancer model was induced by multi-stage DMBA/TPA
chemical carcinogenesis following a modified protocol (Kwitniewski, et al., 2009).
Briefly, 6-week-old mice were treated with a topical application of DMBA (200 nmol
in 0.2 mL acetone) on their shaved dorsal skin. One week later, 8 nmol of TPA (in 0.2
mL acetone) were applied twice a week on the same area for a total of 6 weeks. The
application was interrupted for a week, after which, another DMBA application was
performed as above. Following a one-week lapse, TPA-treatment was resumed till the

end of the study.

2.13.4 Experimental plan

After 12 weeks (2 rounds of DMBA and continual TPA), multiple tumours had
developed and mice were divided homogenously into groups, at which treatment was

started on week 13.
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2.14.4.1 Doses and group divisions

Animals were subdivided as shown in Table 2.2. After 12 hours of fasting, all

animals were weighed and treated twice a week, unless specified otherwise.

Table 2.2 Treatment conditions used for the evaluation of [Ru(bpy)2BC]CI: as
PACT and [Ru(bpy)(dpphen)H20]Cl2 as a chemotherapeutic in DMBA/TPA-
induced skin tumours.

Groups Treatment Dose Route Irradiation Frequency
(G)
GO Saline Physiological IP No BIW
Gl [Ru(bpy).BC]CI> 1mg/kg IP No BIW
G2 [Ru(bpy).BC]CI> 1mg/kg IP Yes BIW
G3 [Ru(bpy)(dpphen)H20 2.5 mg/kg ST No BIW
]ClI>
G4 Cisplatin 2.5 mg/kg IP No QW

IP, intraperitoneal; ST, subtumoral; QW, once per week; BIW, twice a week.

2.13.4.2 Blue LED light irradiation

LC-MS/MS preliminary studies have shown that the drug used, must be
activated for a minimum of 90 minutes for penetration in vivo, to achieve the desired
concentration of the active molecule. Groups requiring blue LED light (LED zoomable
flashlight operated in blue range at maximal intensity; 1500 Lumens) (ROKKES,
China) (G2) irradiation were irradiated for 90 minutes using a restrainer. Restraining
IS necessary to guarantee photo activation of the drug selectively in the dorsal tumors,
which will be exposed to a focused type of light. To minimize the distress due to
restraining, the animals were exposed intermittently (45 minutes exposure within the
restrainer followed by 10 minutes resting period and another 45 minutes in the

restrainer). Additionally, to escape overheating caused by light exposure, the back of
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the mice was cooled with water running (to filter out high wavelength, mainly infrared
(IR) (Hoffman, 2007)) through a plexiglass container built to separate the light source

from the skin. Skin temperature was also measured using a laser thermometer.

i~
JX 45min
—_—

Figure 2.6. Blue LED light irradiation demonstration

2.13.4.3 Efficacy

Tumor volumes were measured weekly using a Vernier calliper and the
treatment was conducted for a period of 4 weeks. To end the study, mice were
euthanized and tissues were extracted for histopathology and mechanistic studies
(studying changes in protein expression), as well as blood for serum biochemistry

tests.

2.14 Statistical analysis

Data and results were reported as Mean + SEM from three independent trials.
Comparison of each group with the control was determined via one way ANOVA, and
was considered statistically significant indicated by * p<0.05, ** p<0.01, p<0.001 or

**** n< 0.000. GraphPad prism 8 was used to evaluate statistics.
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Chapter Three

Results

3.1 Compound Synthesized

The chemical structure of the ruthenium based complexes, [Ru(bpy)z2phen]Cly,
[Ru(bpy)2BC]Cl>, [Ru(bpy)2dpphen]Cly, [Ru(bpy)(dpphen)CHsOH]Cl>,
[Ru(bpy)(dpphen)H2O]Cl, are represented below.

(A) [Ru(bpy)zphen]Cl2  (B) [Ru(bpy)BC]Cl2  (C)[Ru(bpy)2dpphen]Cl:

" — 2CI-
2CI ” o4 20
Chemical Formula: CazHasNsRu*Clz Ghemical Formula: GseHssNeRu#Cla - Eherrt\i'\c.'al For;:gl.a;:?r CuaHazNsRU'Cl2
Exact Mass: 594.11 Exact Mass: 774.20 xact Mass: 746.
folocanar Wi Molecular Weight: 816.756

Molecular Weight: 664.556 Molecular Weight: 844.806

(D) [Ru(bpy)(dpphen)CH3OH]CI: (E) [Ru(bpy)(dpphen)H20]Cl2

. — Ck _ —  Ck
+ +

Chemical Formula: CssHz7NsORu Chemical Formula: CasHzsN«ORu*Cl

Exact Mass: 621.12 Exact Mass: 608.11

Molecular Weight: 691.606 Molecular Weight: 643.133

Figure 3.1: Chemical structure, formula and mass of the compounds synthesized
(A) [Ru(bpy)zphen]Cl2 (B) [Ru(bpy)2BC]Cl> (C) [Ru(bpy)2dpphen]Cl. (D)
[Ru(bpy)(dpphen)CH3OH]CI: (E) [Ru(bpy)(dpphen)H20]Cl.
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3.1.1. Ru(bpy)dpphen[H20].Cl2
3.1.1.1 Generation through blue LED light irradiation

The system built for photoactivation of [Ru(bpy)2dpphen]CI is demonstrated
below in figure 3.4

Figure 3.4. Blue LED light setup

3.1.1.1.i Absorption Spectra of [Ru(bpy)2dpphen]Clz as a function of time

Figure 3.5 demonstrates the prodrug is stable at room temperature as absorbance at
455 nm remained constant. The shifts observed in the absorption spectra of figure 3.6

and 3.7 denote the generation of [Ru(bpy).dpphen]Cl. photoproducts as a function of
time indicated with arrows.
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Figure 3.5. Absorption spectrum of [Ru(bpy)2dpphen]Cl. in water as a function of
time in the dark.
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Figure 3.6. Absorption spectrum of [Ru(bpy)2dpphen]Cl; in water as a function of
time upon exposure to blue light (100 mWcm?, 448nm)
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Figure 3.7. Closer picture at the absorption spectrum of [Ru(bpy)2dpphen]Cl in water
as a function of time upon exposure to blue light (100 mWcm?, 448nm). Arrows
indicate the spectral changes trend throughout light exposure.
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3.1.1.1.ii Photolysis products

Peaks assigned below in figure 3.8 (373.13), indicates [Ru(bpy)2dpphen]Cl2
prior to irradiation. The aquated photoproduct formed upon irradiation, was confirmed
by ESI/MS. At time 15, 30, 45 and 60 min, the aquated photoproduct
[Ru(bpy)(dpphen)H20]Cl> was detected by peak 606. Peak 157 was the dissociating
ligand. The precursors relative abundance decreased upon irradiation while that of the
ligand increased. Accordingly, time of irradiation was depicted to attain maximal
photoactivation of the prodrug [Ru(bpy)2dpphen]Cl..

20191213 Rubpy2dpphen Light Air_Kinetic_Omin#22-30 RT: 0.35-0.49 AV: 9 SB: 25 0.03-0.27,0.65-0.80 NL: 2.45E7
T +p ESIQIMS [100.000-1100.000]
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e e R e = L
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m/z

Figure 3.8. ESI-MS/MS spectrum [Ru(bpy).dpphen]Cl; before irradiation. The m/z value
assigned to the peaks, is as a function of the percent abundance of the signals (%). Peak at m/z
[M — 2CI]** =373.13 correspond to [Ru(bpy).dpphen]Cl. confirming the absence of ligand
dissociation. Tested in LC-MS grade water.
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Figure 3.9. ESI-MS/MS spectrum Ru(bpy).dpphen.Cl, after irradiation.

Ru(bpy).dpphen.Cl, was diluted in LCMS grade water and photoactivation was achieved by
irradiation with blue LED light at a power of 100 mW/cm? and tested at 15, 30, 45, 60 min.
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The m/z value assigned to the peaks, is as a function of the percent abundance of the signals
(%). Peak at m/z=157 correspond to the ligand bpy and 373.13 to [Ru(bpy).dpphen]Cl,. Peak
at m/z=606.27 correspond to [Ru(bpy)(dpphen)H20]Cl.. As the time of irradiation were
increased the relative abundance of peak m/z=606.27 increased while that of the prodrug
([Ru(bpy)2dpphen]Cl>) and ligand (bpy) decreased.

3.1.2 Purification of Ru(bpy)dpphen[CH3sOH].Cl:

The purification of [Ru(bpy)(dpphen)CH:OH].Cl. was attained by column
chromatography using Alumina as the stationary phase and DCM to methanol (99.7:
0.3) as the mobile phase. Figure 3.10 represents the elution of the irradiated
[Ru(bpy)dpphen]Cl.. Fractions obtained are represented in figure 3.11, which were
looked upon their absorption spectra and speculated the targeted fraction to be found
between fraction (F) 2 and 3 (figure 3.11 and 3.12). This was confirmed via ESI-
MS/MS (figure 3.13), at which we observe the isolation of the precursor
[Ru(bpy)2dpphen]Cl> from the photoproduct [Ru(bpy)(dpphen)CH3OH]CIl> and
ligand(BPY).

3.1.2.1 Column 1 fractions

Figure 3.10. Column Chromatography (40/60) elution of irradiated
[Ru(bpy)dpphen]Cl.. Eluting compounds in 99.7: 0.3 DCM to MeOH.

Figure 3.11. [Ru(bpy)2dpphen]Cl2 photoproducts fractions eluted
3-
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Figure 3.12. Absorption spectrum of eluted fractions of [Ru(bpy)2dpphen]Cl:
photoproducts.
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Figure 3.13. ESI-MS/MS spectrum for column 1 fraction characterization. F1,2,3,4 show the
m/z value assigned to the peaks as a function of the percent abundance of the signals (%). (F1)
Peaks at m/z of 687.26, 333.16, and 157.14 belong to [Ru(bpy)(dpphen)CH30Fe]Cl,, dpphen and
bpy respectively. (F2) Peaks at m/z of 624.06, and 157.14 belong to [Ru(bpy)(dpphen)CH3OH]ClI,
and bpy respectively. (F3) Peaks at m/z of 624.06, and 157.14 belong to
[Ru(bpy)(dpphen)CHsOH]CI, and bpy respectively. (F4) Peak at m/z of 372.91, belongs to
[Ru(bpy)2dpphen]Cl..
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3.1.2.2 Column 2 fractions via ESI/MS

Fraction two and three obtained from the first column were rerun on a sequential
column with the same phases to further purify [Ru(bpy)(dpphen)CH3OH]CI; from the
ligand BPY, which is separated in figure 3.15. Solubility and exchange was attained
in 10% methanol. As well as, in pure LCMS-grade water by sonication. Both (figure
3.16 and 3.17) show a great increase in the relative abundance of the aquated
photoproduct inferring the counter-ion exchange of methanol and the great ionizing
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Figure 3.14. ESI-MS/MS spectrum for column 2 fraction characterization. The m/z value
assigned to the peaks, is as a function of the percent abundance of the signals (%). Peak at m/z
[M + H*]* =619.39 correspond to [Ru(bpy)(dpphen)CH;OH]Cl.. Tested in Methanol.
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Figure 3.15. ESI-MS/MS spectrum for column 2 fraction characterization in 10%
methanol. Compound was dissolved in 10% LC-MS grade methanol. The m/z value assigned
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to the peaks, is as a function of the percent abundance of the signals (%). Peak at m/z [M +
H*]*=606.14 correspond to [Ru(bpy)(dpphen)H2O]Cl..
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Figure 3.16. ESI-MS/MS spectrum for column 2 fraction characterization in miliQ
water. Compound was dissolved in LC-MS grade water by sonication. The m/z value assigned
to the peaks, is as a function of the percent abundance of the signals (%). Peak at m/z [M +
H*]*=606.13 correspond to [Ru(bpy)(dpphen)H.0O]Cl..

3.1.2.2.i Absorption Spectra

The absorption spectra of the purified [Ru(bpy)(dpphen)H.O]Cl; is represented below

24

Absorbance
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Figure 3.17. Absorption spectrum of [Ru(bpy)(dpphen)H.O]Cl:
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3.2 Octanol-water partition coefficient

Cellular uptake of [Ru(bpy)zphen]Clz, [Ru(bpy).BC]Cl2, [Ru(bpy).BC]ClI:
photoproducts, [Ru(bpy)2dpphen]Cl. and [Ru(bpy)(dpphen)H2O]Cl: is a function of
lipophilicity, as determined by calculating the logP value or the partition coefficient

between the hydrophobic octanol phase and the hydrophilic water phase (section 2.4).

The logP of [Ru(bpy).BC]Cl> (Mehanna, et al., 2019) was found to be
significantly higher than that of [Ru(bpy).phen]Cl; (-1.57 £ 0.01 and -2.82 + 0.10,
respectively, p < 0.05, Table 3.1). This, suggested that [Ru(bpy).BC]CI> was more
lipophilic than [Ru(bpy)2phen]Cl2. The logP of [Ru(bpy)-dpphen]Cl. was found to be
slightly higher than that of [Ru(bpy)zphen]Cl> (-2.53 £ 0.06 and -2.82 £ 0.10,
respectively, Table 3.1), suggesting that [Ru(bpy)2dpphen]Cl> was slightly more
lipophilic than [Ru(bpy)2phen]Cl.. The logP of cisplatin is -2.21, as reported in the
literature (Qu et al., 2017), confirming that cisplatin is slightly more hydrophobic than
[Ru(bpy)2phen]Cl. (p < 0.05). The dissociating ligands, BC and bpy were the most
lipophilic since they had the highest logP values, reported to be 6.96 (Hageh et al.,
2018) and 1.88 (as estimated by ChemDraw Professional, v15.0, CambridgeSoft),
respectively.

Table 3.1. The partition coefficient between the hydrophobic octanol phase and
the hydrophilic water phase (log P) reported for [Ru(bpy)zphen]Cly,
[Ru(bpy)2BC]Cl2, [Ru(bpy)dpphen]Clz, [Ru(bpy)(dpphen)H20]Clz, cisplatin,
BC and bpy.

Compounds logP
[Ru(bpy)2Phen]Cl2 -2.82+0.10
[Ru(bpy)2BC]Cl: -1.57£0.01
[Ru(bpy)2dpphen]Cl2 -2.53 £ 0.06
[Ru(bpy)(dpphen)H20]ClI2 -2.77 £ 0.05
Cisplatin -2.212

BC 6.96°

BPY 1.88°

&b \alues reported in the literature (Hageh et al., 2018; Qu et al., 2017)
¢ Values estimated by ChemDraw Professional (v15.0, CambridgeSoft)
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3.3 Cellular uptake of Ru(ll) in A375 cancer cells

The cellular uptake of the [Ru(bpy)2BC]ClI. was measured by ICP-MS at different time
points starting from 0 until 24 h after treatment based on internal and external
standards (Indium and Ruthenium respectively). The uptake of [Ru(bpy)2BC]Cl, was
analysed in A375 (Figure 3.19) cell lines, as well as its photoproducts. Figure 3.18
ensures the photoproduct formation, indicated by a peak shift from 456 (blue arrow)
to 538nm (red arrow). In A375, the uptake of [Ru(bpy).BC]Cl2 showed a significant
difference between the precursor and photoproduct at all time points. Whilst the
precursor showed an uptake of 107.97 pM/cell at 0 hours, the photoproduct did not
show any uptake until 3 hours. The precursor reached its maximum uptake of 1566.3
uM/cell at 24 hours, indicating the choice of blue LED light exposure post drug
addition. [Ru(bpy)2BC]Cl> photoproduct did not reach its maximum by 24 h
(287.2 uM/cell). This indicates that [Ru(bpy).BC]Cl precursor was the most readily

internalized compound by the cancer cells.
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Figure 3.18. UV-vis absorbance spectrum of [Ru(bpy):BC]Cl. precursor vs.
photoproduct: [Ru(bpy)BC]Cl, precursor (456 nm-blue arrow) and photoproduct
(538nm- red arrow) indicate shift, representing ligand dissociation.
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Figure 3.19. ICP-MS analysis for the uptake of Ru(Il) in A375 cells.
Ru(bpy)2BC.Cl; precursor has the greatest cellular uptake n=3 from three independent
experiments where samples were run in triplicates. Data points denote mean + SEM
and expressed in pM/ cell.

The maximum intracellular concentration of [Ru(bpy)2BC]Cl2 precursor and
photoproduct was reported in uM (table 3.3). The ratio (intracellular concentration /
extracellular concentration) was calculated knowing that the extracellular
concentration was 3 M. [Ru(bpy).BC]Cl2 precursor had the greatest intracellular to

extracellular ratios in comparison to its photoproducts.

Table 3.3. Intracellular concentration of [Ru(bpy)2BC]Cl2 precursor vs.
photoproducts (uM cell) along with the ratio of intracellular/extracellular
compound concentration in A375 cell line.

Intracellular Intracellular / Extracellular
Concentration (uM) Concentration (uM)
Ru(bpy)2BC.Cl2 1566.3 + 1.7 5221+ 05
precursor
Ru(bpy)2BC.Cl2 287.2+ 3.1 95.7+11
photoproducts
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3.4. Mode of uptake of [Ru(bpy)2BC]Clz precursor

The mode of uptake of the [Ru(bpy)2BC]Cl2 into A375 cells was measured by ICP-
MS based on internal and external standards (Indium and Ruthenium respectively).

(Figure 3.20) The uptake was mostly inhibited at low temperatures, and uses an active

form of transport to be further investigated.

Table 3.4. Intracellular concentration of [Ru(bpy)BC]Clz precursor (uM) along
with the ratio of intracellular/extracellular compound concentration in A375

cell line, identifying the mode of uptake.

[Ru(bpy).BC]ClI; precursor

Intracellular

Concentration (uM)

Intracellular/
Extracellular
Concentration (uM)

37°C 639.9 + 3.6 160.6 + 1.4
4 °C 3327+ 2.1 110.9+ 0.8
Transferrin Receptor 490.7 + 4.8 199.7+ 24

800+

600+

pM/cell

2004

400+

Ru(BPY),(BC).Cl,

Figure 3.20. ICP-MS analysis for the mode of uptake of Ru(Il) in A375 cells.

*#%P<0.001 and ****P<0.0001 in comparison to 37 degrees.
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3.5 The cytotoxic effects of ruthenium complexes on cancer cells survival

The cytotoxic effect of Ru(ll) was examined on A375 cancer cells for 72 hours in
comparison to cisplatin (positive control).

3.5.1 Cytotoxicity of [Ru(bpy)2BC]ClI2 (dark vs. light), Ligands and Cisplatin

Cells were treated with multiple concentrations of [Ru(bpy).BC]Cl; drug in the
dark and blue LED light. Results showed a dose-dependent activity and 1C50 values
of 43.1uM, 0.127 uM and 9.219 uM for [Ru(bpy):BC]Cl> drug in the dark,
[Ru(bpy)2BC]CI. drug photo activated in blue LED light and Cisplatin respectively.
IC50 values (uM) of [Ru(bpy)2Phen]Cl2 (unstrained control), BC and BPY ligands
(>100, 51.9 uM and >100 respectively) were measured on A375 cell line in dark
conditions, as they are not affected by light (not sterically hindered) according to

preliminary studies.

Table 3.5. IC50 values (uM) of [Ru(bpy)2BC]Cl2, [Ru(bpy)2phen]Clz2, BC and
BPY ligands along with 1C50 of the positive control cisplatin. The IC50 values
were measured on A375 cell line in both dark and light conditions. The
phototoxicity index (PI) was calculated as 1C50 dark/IC5Q light.

IC50 Dark Light Phototoxicity
Index (PI)
[Ru(BPY).BC]Cl, 43.1+1.3 0.127 + 15 339.3
Cisplatin 9.219+15 - -
[Ru(BPY),phen]Cl, (Phen) >100 - -
Bathocuproine (BC) 519+14 - -
Cis-Dichlorobis(2,2’- >100 - -

bipyridine)Ruthenium(l1) (BPY)

-e- Phen

_ 1001 3 "o Dark = -+ BPY
g I & Light s ae
E 3 -+ Cisplatin E
> 7]
s -
E 501 3
o e
H ]
o ) a

0 . . I‘- n ? 0 T T T T 1

2 K 0 1 2 -1 0 1 2 3

log Concentration (uM) Log Concentration (uM)

Figure 3.21. Cytotoxic effect of [Ru(bpy)2BC]Cl: dark, [Ru(bpy)BC]CI: light,
cisplatin, Phen, BC, and BPY on A375. Cells were treated with a range of
concentrations starting from maximum concentration of 120uM to a minimum of
0.006 uM using threefold dilutions. Data points denote mean £ SEM. n = 3 from three
independent experiments where samples were run in triplicate
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3.5.2 Cytotoxicity of [Ru(bpy)2BC]Cl2 activated intracellularly in a
Ru(bpy)2BC.Cl2 free medium and [Ru(bpy)BC]Cl2 photoproducts on seeded
A375.

Cells were treated with [Ru(bpy).BC]Cl2, and activated intracellularly (Light —
intracellular) by changing the supernatant prior to photoactivation. The effect of the
photoproduct of [Ru(bpy).BC]Cl. was also studied by photoactivating the drug
extracellularly and then allowing its uptake to test its cytotoxicity. There was no
significant effect of the precursor being left in the supernatant whilst the
photoactivation process as the photoproduct did not have a cytotoxic effect as the drugs

activation intracellularly

Table 3.6. IC50 values (uM) of [Ru(bpy)2BC]Cl2, light irradiated, light —
Intracellular and photoproducts.

Light Light - Intracellular Photoproducts

IC50 0.127 £ 1.5 02293+ 1.4 1574 £ 1.3

-8~ Light
100
-4 Light - Intracellular

Photoproduct

50

Percent survival

-2 -1 0 1 2
Log Concentration (uM)

Figure 3.22. Cytotoxic effect of Ru(bpy)2BC.Cl2 photoactivated using blue LED
light on A375. Cells were treated with a range of concentrations starting from
maximum concentration of 120uM to a minimum of 0.006 pM using threefold
dilutions. Light: photoactivated including drug remnants in supernatant not uptaken
by A375 cells, vs. Light-non-uptaken drug removed from supernatant prior to
activation and the photo activated products of [Ru(bpy).BC]Cl2, as well as the
extracellular photoactivation of [Ru(bpy).BC]Cl.. Data points denote mean + SEM.
n = 3 from three independent experiments where samples were run in triplicate.

3.5.3 Cytotoxicity of Ru(bpy)2dpphen.Cl2 (dark vs. light)

Cells were treated with multiple concentrations of [Ru(bpy).dpphen]Cl2 drug in the
dark and blue LED light. Results showed a dose-dependent activity and 1C50 values
of 71.83 uM and 1.43 uM (IC50 values, table 3.7) for [Ru(bpy).dpphen]Cl. drug in
the dark, and drug photo activated in blue LED light respectively.
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Table 3.7. IC50 values (uM) of [Ru(bpy)dpphen]Cl.. The IC50 values were

measured on A375 cell line in both dark and light conditions. The phototoxicity
index (P1) was calculated as IC50 dark/IC5Q light.

[Ru(bpy)2dpphen]Cl2  [Ru(bpy)2dpphen]Cl2  Phototoxicity

-dark -light Index (PI)
1C50 7183+ 16 143+1.2 50.2
-o- Dark
100 = Light

50+

Percent survival

0 T T T
-1 0 1 2

log Concentration (uM)
Figure 3.23. Cytotoxic effect of [Ru(bpy)2dpphen]Clz dark and light activated on
A375. Cells were treated with a range of concentrations starting from maximum
concentration of 120puM to a minimum of 0.006 pM using threefold dilutions. Data

points denote mean £ SEM. n = 3 from three independent experiments where samples
were run in triplicate.

3.5.4 Cytotoxicity of [Ru(bpy)(dpphen)H20]Cl2

Cells were treated with multiple concentrations of [Ru(bpy)(dpphen)H>O]Cl>. Results
showed an IC50 value of 10.52 (IC50 values, table 3.8) on A375 cell line.

Table 3.8. IC50 values (uM) of [Ru(bpy)(dpphen)H20]Cl2. The IC50 values were
measured on A375 cell line.

[Ru(bpy)(dpphen)H20]Cl2
IC50 1052+ 14

Percent survival

c T T T T
-2 -1 0 1 2

log Concentration (M)

Figure 3.24. Cytotoxic effect of [Ru(bpy)(dpphen)H20].Cl2 photoproducts on
A375. Cells were treated with a range of concentrations starting from maximum
concentration of 120uM to a minimum of 0.006 uM using threefold dilutions. Data

points denote mean + SEM. n =3 from three independent experiments where samples
were run in triplicate.
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3.6 ROS production

A375 cells were treated with [Ru(bpy).BC]Cl», at IC50 stained by DCFDA and then
blue LED light activated. Upon ROS production, the DCFDA produced a fluorescent
product. The measured fluorescence was therefore proportional to the produced ROS.
Cells treated with [Ru(bpy).BC]Cl, prodrug, without light activation did not show any
ROS production when compared to control group as well as the positive control
(TBHP). However, upon light activation, [Ru(bpy).BC]Cl. produced a significant
increase in ROS production at the concentrations used compared to control. Control
cells treated with only light also showed an increase in ROS activity (17 RFU)

compared to cells without light exposure (<2 RFU). Data are presented in figure 3.25.

*kkk

i

*%

20+ T

Fluorescence Intensity (RFU)

00 Q v v ézg
A

conditions

Figure 3.25. ROS production upon treatment with [Ru(bpy):BC]Cl2 compounds
with or without light irradiation in A375. Control Dark: CD, Dark prodrug treated:
D, Control Blue LED Light: CL, Light prodrug treated: L. **** indicates P<0.0001
compared with control. *** indicates P<0.001 comparing light with control light. **
indicates P<0.01, control. Data points denote mean = SEM. n = 3 from three
independent experiments where samples were run in triplicate.
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3.7 Western Blots

The effect of Photo activated [Ru(bpy).BC]Cl> on the expression of vital apoptotic
proteins in A375 cells were measured. Results have shown that [Ru(bpy).BC]Cl2 (with
light activation: L) treatment had a significant effect on the expression of all markers
represented below, by 72hours of treatment. Cells were treated with light (figure 3.26.)
double IC50 and Western blot results were presented as bands visualized by the
ChemiDoc imaging system, quantified by ImageLab, normalized against actin and
represented as Bar graphs. n=3 from three independent experiments. In the light
irradaiated cells, Pro (bax) and anti (bcl2) apoptotic proteins were significantly
increased and decreased respectively by 72 hours, yet at 48 hours bax was significantly
increased identifying a pro-apoptotic mechanism via the Bax/Bcl2 ratio at 48 and 72
hours. Cytochrome C, cleaved caspase 3, and cleaved PARP-1 were significantly
increased at 48 with a surge increase at 72 hours conforming programmed cell death.
Procaspase 8 was significantly decreased in light irradiated cells at 72 hours indicating
an extrinsic pathway is interfering with cell death. Proteins P21, P-ERK and P-AKT
were studied at 72 hours. P21 indicated a significant increase in light irradiated cells,
while P-ERK and P-AKT were significantly inhibited over ERK and AKT respectively

further indicating a pro-apoptotic cell death.

CD24H D24H CL24H L24H

CD48H D48H CL48H L48H

CD72H D72H CL72H L72H

Figure 3.26. A375 cells treated with a concentration of double 1C50 of the Light
activated prodrug at 24,48 and 72 hours. (Control Dark: CD, Dark prodrug treated:
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D, Control Blue LED Light: CL, Light prodrug treated: L). Microscopic images taken
using ZOE TM Fluorescent Cell Imager (Biorad)

3.7.1 Bcl2-Associated X protein (Bax)

CD D CL L CD DCL L CD DCLL
iat):(' ——= — — . ——
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o = = o — —— -—— e T
24h 48h 72h
1.0 . " 15
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* & Q o ~ 0 & o o - ° oy o_ o v

Figure 3.27. The western blot images of Bax and actin along with the ratios of the
different samples normalized to CD at 24, 48 and 72 hours. Bands showed a
significant increase in the expression of Bax in L compared to CD at 48h as well as a
great significant increase in L compared to CD at 72h. Bars denote mean + SEM. ***
P <.001 and **** P <,0001 versus Control group, as measured by one-way ANOVA.

3.7.2 B-cell lymphoma 2 (Bcl-2)

CD DCL L CDD CL L CDrDCLL
Bcl2 o e wmn e — e w— — - .-
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Figure 3.28. The western blot images of Bcl2 and actin along with the ratios of
the different samples normalized to CD at 24, 48 and 72 hours. Bands showed a
significant decrease in the expression of Bcl2 in L compared to D at 72h. Bars denote
mean + SEM. * P <.05 versus Control group, as measured by one-way ANOVA.
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Bax/Bcl2

24h 48h 72h

60

40

BAX/Bcl2
BAX/Bcl2
BAX/Bcl2

0.5 T
20

14

o4 Q o~ v o Q o~ v g

Figure 3.29. The ratio of Bax/Bcl2 at 24, 48 and 72h. A significant increase between
CD and L is observed at 48 and 72h. Bars denote mean £ SEM. **** P <,0001 versus
Control group, as measured by one-way ANOVA.

3.7.3 Cytochrome c
CD DCL L CDD CL L CDODDCL L
CytC — e cum amm -_—— s e ———
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24h 48h 72h
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Figure 3.30. The western blot images of Cytochrome C and actin along with the
ratios of the different samples normalized to CD at 24, 48 and 72 hours. Bands
showed a significant increase in the expression of Cytochrome C in L compared to CD
at 72h. Bars denote mean = SEM. **** p <,0001 versus Control group, as measured
by one-way ANOVA.
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3.7.4 Cleaved Caspase 3

ol dC3CDDCLL CD D CL L CD D CL L

GRET T 1 = e

Actin - ‘
— — —— ——— e [
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@ I
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-
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Figure 3.31. The western blot images of cleaved caspase-3 and actin along with
the ratios of the different samples normalized to CD at 24, 48 and 72 hours. Bands
showed a significant increase in the expression of Pro-casp3 in L compared to CD at
72h. Bands showed a significant increase in the expression of Cleaved Casp3 in CL
and L compared to CD at 48h as well as in L compared to CD at 72h. Bars denote
mean £ SEM. ** P <.01 and *** P <.001 versus Control group, as measured by one-
way ANOVA.

3.7.5 Cleaved Poly (ADP-ribose) polymerase (Cleaved- Parp-1)

CD DCL L CODD CL L CODD CL L
Cleaved PARP T = S - —
24h Ao . 72h
20 Pl

-‘% Fy‘ 2.0 % 15 5
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Figure 3.32. The western blot images of Cleaved PARP-1 and actin along with the
ratios of the different samples normalized to CD at 24, 48 and 72 hours. Bands
showed a significant increase in the expression of Cleaved PARP-1 in L compared to
CL at 48h as well as a great significant increase in L compared to CD at 72h. Bars
denote mean £ SEM. * P <.05 and ** P <.0lversus Control group, as measured by
one-way ANOVA.
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3.7.6 Procaspase 8
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Figure 3.33. The western blot image of Procasp8 and actin along with the ratios
of the different samples normalized to CD at 24, 48 and 72 hours. Bands showed
a significant decrease in the expression of Bax in L compared to CD at 72h. Bars
denote mean = SEM. * P <.05 versus Control group, as measured by one-way

ANOVA.
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3.7.7 Cyclin-dependent Kinase inhibitor 1 (P21)

CD D CL L
P2L - e -
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72h
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Figure 3.34. The western blot image of P21 and actin along with the ratios of the
different samples normalized to CD at 72 hours. Bands showed a significant
increase in the expression of P21 in L compared to CD at 72h. Bars denote mean +

SEM. *** P <001 versus Control group, as measured by one-way ANOVA.
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3.7.8 Extracellular signal-regulated kinase (ERK)

CD DCL L

P-ERK
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Figure 3.35. The western blot image of p-ERK and ERK along with the ratios of

p-ERK/ERK
o

the different samples normalized to CD at 72 hours. Bands showed a great
significant decrease in the expression of p-ERK to ERK in L compared to CD at 72h.
Bars denote mean = SEM. *** P <.001 versus Control group, as measured by one-way
ANOVA.

3.7.9 Protein Kinase B (AKT)

CD DCL L
PAKT

AKT o e owe wm

72h

p-AKT/AKT

Figure 3.36. The western blot image of p-AKT and AKT along with the ratios of
the different samples normalized to CD at 72 hours. Bands showed a significant
decrease in the expression of p-ERK to ERK in D compared to CD as well as in L
compared to CD at 72h. Bars denote mean + SEM. ** P <.01 versus Control group, as

measured by one-way ANOVA.
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3.7.10 Beclin-1
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Figure 3.37. The western blot image of Beclin-1 and actin along with the ratios of
the different samples normalized to CD at 24, 48 and 72 hours. A significant
increase is seen in the expression of Beclin-1 in L compared to CD at 72h. Bars denote

mean + SEM. * P <.05 versus Control group, as measured by one-way ANOVA.
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3.8 Effect of Ru(Il) on DNA damage in A375 cells via the Comet Assay

The DNA damaging potential of Ru(ll) was assessed using alkaline comet assay. The
DNA damage in A375 cells treated for 72 h with [Ru(bpy).BC]Cl. both in the dark
and blue LED light, were measured using multiple parameters including head length,
tail length, comet length, head DNA content, tail DNA content and tail moment (table
3.9). To reflect DNA damage, the tail moment index (TMI) was calculated by
multiplying the tail DNA content by the tail length divided by 1000. Data shown in
figure 3.39 revealed a significant increase in TMI in both cells treated with KMnQO4
(positive control) and Ru(Il) compared with PBS (negative control) and Ru(Il) groups
(dark vs. light treated). The latter group did not show any significant change in TMI
compared with PBS treated A375 cells. Comet tails are greatly identified in light
treated cells shown in figure 3.38. (Control Dark: CD, Dark prodrug treated: D,
Control Blue LED Light: CL, Light prodrug treated: L).

CONTROL DARK

DARK

CONTROL LIGHT

LIGHT

Figure 3.38. Microscopic images of the comet formations in comparison to
controls. Control Dark (no treatment), Dark (treated with [Ru(bpy).BC]CI>), Control
light (blue LED light irradiated) and Light (treated with [Ru(bpy).BC]Cl.> photo
activated).
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Table 3.9. Effect of Ru(l1) treatment on DNA in A375 cells. DNA damage in A375
cells exposed to No treatment (CD), [Ru(bpy).BC]Cl2 dark (D), blue LED light (CL),
[Ru(bpy)2BC]CI:> light photo activated (L), PBS and KMnO4 were measured by the
comet assay and CASP (Comet assay software package) was used to measure the
parameters present in the table below. Data points denote mean + SEM. n = 3 from
three independent experiments where 50 images were taken at random.

Head
Length

Tail
Length

Comet
Length

Head
DNA
content

Negative
control
(PBS)

2254479
33.3+3.5

258.718.4

94.3+0.8

Tail DNA 5.740.8

content

Tail
moment

Overall
Tail
Moment

2.1+04

6.9+1.1

T™I

20+

Positive
Control
(KMnOQOy)

87.3+1.9

282.7+£17.3

370417

20.3+9.6

79.747.4

280.3+13.6

162.1+£6.9

10+

2
N &
7
+

CD

237.516.3

35.3+3.4

272.7+£7.71

9410.5

6+0.5

2.510.4

7.940.8

D

247.2+7.4

36.8+2.9

277.7410.3

90.8+0.8

9.2+0.8

3.940.5

10.5+0.7

*kkk

CL

242.1+10.6

68.92+6.8

311.1+13.2

73.1+1.8

26.9+1.7

20.2+2.6

46.1+5.5

Y

66.318.1

1314+6.01

197.4413

6.7+1.5

93.3+1.5

110.7+6.7

44.1 +£8.03

Figure 3.39. Tail moment index as calculated from the comet assay data. (n=3).
TMI=[Tail DNA content x Tail length] +1000. **** indicates P<0.0001 compared
with control. Data points denote mean £ SEM. n = 3 from three independent
experiments where samples were run in triplicate.
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3.9 Flow cytometry

Annexin V/7-AAD staining was used in order to determine the type of cell death
following the treatment of A375 cell line with double IC50 of [Ru(bpy).BC]ClI light
and of cisplatin (positive control). Flow cytometry result demonstrated significant
increase (P<0.001 in the percentage of apoptotic cells 48 hours post-treatment with
[Ru(bpy)2BC]ClI: light respectively compared to the control cells, while no significant
cell death was observed at 24 hours (figure 3.40). These data confirm apoptotic cell
death. (Control Dark: CD, Dark prodrug treated: D, Control Blue LED Light: CL,
Light prodrug treated: L). One population was negative for both Annexin V and 7-
AAD, and stated healthy (quadrant one), while another was either positive for Annexin
V and negative for 7-AAD, or Annexin V positive and for 7-AAD positive, stated
apoptotic (quadrant two and three respectively). Cells which were Annexin V negative
but 7-AAD positive were stated necrotic (Herzenberg, et al., 2006). Cells treated with
[Ru(bpy)2BC]Cl2 and light irradiated were distinguished to undergo early and late
apoptosis significantly identified (*** P <.001 versus control group) at 48h post
treatment (figure 3.40 & 3.42), leaving around 50% healthy cells, in comparison to

cisplatin treated cells at 48h leaving approximately 30% cells healthy.
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Figure 3.40. Cell death analysis at 24 and 48 hours. A375 cells were treated with
double IC50 concentration to confirm mechanistic cell death. At (A) 24 hours, no
significant death was observed, while at (B) 48 hours Annexin+/7TAAD+ cells
significantly increased in the those treated with [Ru(bpy)2BC]ClI. light irradiation (L)
in comparison to the control cells (CD). Data points denote mean + SEM. n = 3 from
three independent experiments where samples were run in triplicate.
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Figure 3.41. Bar graph representing percent viable, apoptotic and necrotic cells
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at 24 hours. Data points denote mean + SEM. n = 3 from three independent
experiments where samples were run in duplicates.
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Figure 3.42. Bar graph representing percent viable, apoptotic and necrotic cells
at 48 hours. A significant increase of apoptotic cells in Ru(bpy)2BC.CI2 light
irradiated (L) cells in comparison to the control cells (CD) was observed. Data points
denote mean £ SEM. n = 3 from three independent experiments where samples were
run in duplicates. *** P <.001 versus Control group, as measured by one-way
ANOVA.

3.10 In Vivo

3.10.1 Lethal dose

Using the up and down procedure, the lethal dose was found to be in the range of 6-7
mg/kg (figure 3.43). Death at 10 mg/kg was seizure like within 30 minutes (Appendix
C). Daily IP injections over a one month period of 0.2 mg/kg, 0.4 mg/kg, 1 mg/kg and

2.5 mg/kg showed no sign of toxicity/death, nor weight loss.
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Figure 3.43. Lethal dose obtained via the up and down procedure.
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3.10.2 Toxicity

3.10.2.1 Maximum Tolerated dose

Three groups of three mice administered 5, 2.5 or 1.25 mg/kg Ru(bpy)2BC.Cl;
and a fourth group (control) was only administered saline for comparison. By

week 4, 33% mice remained living, indicating 5mg/kg was not a dose to be
considered for treatment.
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Figure 3.44. Body weight (g) of each mouse measured weekly. No significant
decrease in body weight was observed in 5, 2.5 or 1.25 mg/kg [Ru(bpy).BC]Cl>
administered mice in comparison to the control (saline)
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Figure 3.45. Percent survival per group. Survival remained 100% till mid week 4,

at which it dropped to 33% after two of three animals in the 5 mg/kg [Ru(bpy).BC]ClI.
administered mice died.
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3.10.3 DMBAJ/TPA model induces skin carcinogenesis

After 12 weeks DMBAJ/TPA application, all 32 mice showed skin carcinogenesis
represented in the images below (figure 3.46)

£ . . W
Figure 3.46. Random five of thirty-two mice represented, twelve weeks’ post
DMBA/TPA.

3.10.4 Efficacy

Preliminary data is represented up till week 3, while the treatments efficacy is
understudy up till 8 wks. A significant decrease in tumor volume and incidence is seen
at week 3 in all treated groups with a drastic tumor growth control in G2 and G3 (figure
3.48 and 3.49). In G1 and G4 there was a shift in growth at week 2 which then declined
at week 3 (figure 3.49). Tumor incidence has also been significantly decreased at week
3 (figure 3.50).
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Figure 3.47. Body weight (g) measured weekly per group. No significant change in body
weight was observed.
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G3: [Ru(bpy)(dpphen)H20]Cl:

M1 M2 M1 M2

G4: Cisplatin

M1 M2 M1 M2

Figure 3.48. Two animals (M1/ M2) represented from each group at day 0 vs.
week 4 of treatment. M = balb/c mouse. Arrows, brackets, lines and dashes indicate
tumors at day 0 respective to week 3 in M1 or M2.
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Figure 3.49. Tumor growth in Balb/c mice bearing DMBA/TPA induced skin
tumors treated over 3 weeks as described in Table 2.2. Tumor volumes were
estimated using a Vernier calliper and a reference model developed in our lab
(Shebaby et al., 2017). (A) All groups were compared to the control group (GO) and
values represent the mean + SEM (n = 6). (B) The fold decrease in comparison to GO
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Figure 3.50. Tumor incidence in Balb/c mice bearing DMBA/TPA induced skin
tumors treated over 3 weeks as described in Table 2.2. All groups were compared
to the control group (GO) and values represent the mean + SEM (n = 6). *p < 0.05
versus GO.
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Chapter Four

Discussion

Metallodrugs have gained great attention in chemotherapy, after cisplatin and its
derivatives successfully treated various cancers (Groessl, et al., 2010; Golla et al.,
2017). The platinum based compounds like cisplatin, which exhibited biological side
effects, and acquired resistance against various cancers, reinvigorated the design of
substitute metal complexes that may be less toxic (Hanif, et al., 2018; Galluzzi, et al.,
2012). Ruthenium based complexes were developed upon their distinctive properties,
and were predominantly tempting for the use in PACT, as they are easily altered photo-
physically, kinetically inert and hold great absorption in the visible range (Mansouri,
etal., 2003; Howerton et al., 2012; Mehanna, et al., 2019; Mansour, et al., 2018; Fayad
et al., 2020). Once a Ru(ll) polypyridyl complex holding an octahedral geometry is
irradiated, its Ru-N bond will break, allowing ligand dissociation (Mari, et al., 2015;
Mehanna, et al., 2019). The foremost purpose of PACT, is to produce local
phototoxicity, to minimalize cellular death in non-irradiated tissues (Dickerson et al.,
2014). PACT provokes cytotoxicity through various mechanisms such as, the aquated
complex formed via ligand photodissociation, or its active molecules caged by the
metal center, binding DNA (Bonnet, et al., 2018; Mehanna, et al., 2019).

This study explores the photophysical and photochemical possessions of Ru(ll)
bipyridyl compounds and the photochemotherapeutic potentials of [Ru(bpy)2BC]Cl:
in addition to the derivation and potential of [Ru(bpy)(dpphen)H20]Cl> from
[Ru(bpy)2dpphen]ClI, in vitro and in vivo. [Ru(bpy)-phen]Cl> was used as an
unstrained control, while the preceding complexes studied were strained via phenyl or

methyl groups on the phenanthroline ligand at the 2,9-positions.

[Ru(bpy)2BC]Cl>, a novel strained Ru(ll) bipyridyl complex, was sterically hindered
by the bathocuproine (2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline) ligand, and
distorted the octahedral geometry of this compound, assembling it unstable
photochemically, hence prone to photolysis, yet protected if not exposed to light
(Mehanna, et al., 2019).

The absorption spectrum of [Ru(bpy)2BC]CI. (Figure 3.18) and [Ru(bpy).dpphen]Cl.
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(Figure 3.5) complexes presented maximal absorbance at 280 nm (the UV range)
ascribed to the intra-ligand 7 to " transition and at 450 nm at which the MLCT (metal
to ligand charge transfer) excitation followed (Mansour et al., 2018; Mehanna, et al.,
2019). This was the basis for choosing to photo activate the compound using a blue
LED light with a peak wavelength of 460 nm (100 mW/cm?). When investigating the
In vivo photo activation strategy, penetration is an important consideration, as there is
a maximal penetration among different tissue. Superficial tumors, may be considered
for blue wavelength associated treatments, yet deeper tissue, would require an
irradiated wavelength in the infrared range (650-850 nm) as it holds better penetrance
(Szacitowski, et al., 2005). This suggests that the present complexes of this study are

best fit for superficial tumors.

Complexes [Ru(bpy)2phen]Clz2, [Ru(bpy)2BC]Cl2, [Ru(bpy)zdpphen]Cl>  were
synthesized according to modified procedures, and their photochemistry and purity
were identified and confirmed by 'H NMR (Appendix A) post synthesis, at which a
counter ion exchange mechanism was then implemented to conform solubility in water
between hexafluorophosphate and chloride, to be biologically efficient. Noticing each
compound was purified using different stationary phases of column chromatography,
dependent on size (sephadex LH-20), and polarity (silica/alumina) of the molecule
(Mansour et al., 2018; Mehanna et al., 2019).

The ability to characterize the photoproduct of [Ru(bpy)dpphen]Cl2 upon intracellular
photoactivation and understand the cytotoxicity behind the complexes PACT potential
lead to the novel isolation and purification of [Ru(bpy)(dpphen)H.O]Cl. from the
photo activation of [Ru(bpy).dpphen]Cl,, to be studied as a promising
chemotherapeutic agent. Generating this ruthenium based complex, having a 5-
coordinate bond due to the ligand ejection (BPY) upon irradiation and aquation
(Akatsuka, et al., 2019). The kinetic photoactivation of [Ru(bpy).dpphen]Cl; in
LCMS- grade water, seen in figure 3.5, 3.6 demonstrate the transition from a six-
coordinate Ru(Il) bipyridyl complex to a five-coordinate Ru(ll) bipyridyl complex.
Time points 0 (for comparison), 15, 30, 45 and 60 min were looked at on an ESI-
MS/MS obtained spectra (figure 3.8 and 3.9), and studied for the definite formation of
the aquated photoproduct, at which a time dependent manner ensured the photo
formation and reduction in the abundance of the precursor. The purification method
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was extensively studied for the isolation of [Ru(bpy)(dpphen)H.O]Cl> from the
precursor [Ru(bpy)2dpphen]Cl, and the ligand bpy. Sephadex LH-20, silica and
aluminium oxide for column chromatography were all attempted with different mobile
phases. Aluminium oxide, was found to be the best stationary phase using a mobile
phase of dichloromethane to methanol (99.7:0.3) (Laemmel, Collin & Sauvage, 1999).
Noting the use of methanol, will allow the counter-ion exchange between water and
methanol and no form of exchange of chlorine (unlike chloride) from
dichloromethane, making it the best fit. Two sequential columns were made. The first
purification isolating, the precursor from the photoproduct
[Ru(bpy)(dpphen)CH3OH]CIl> and the ligand and the second purifying the
photoproduct [Ru(bpy)(dpphen)CH:0OH]Cl> as seen in figure 3.14. Once the
compound was obtained, the solubility and exchange was tested in nothing but
methanol and  water. Water was used to dissolve the solid
[Ru(bpy)(dpphen)CH3OH]CI2, as it holds great ionizing power, enforcing the
exchange by sonication and was not chosen to dissolve in another to avoid counter-ion
exchange of another form. The cytotoxic effect of [Ru(bpy)(dpphen)H20]Cl. which
hasa LogP =-2.77 + 0.05 (Table 3.1) has an IC50 of 10.52 + 1.4 (figure 3.24) showing
some toxicity on A375 in reference to the precursor in the dark with an IC50 of 71.83 +
1.6 with a phototoxicity index of 50.2 (IC50 of the photo activated precursor was 1.43
+ 1.2) (figure 3.23). The mechanistic cell death associated with [Ru(bpy).dpphen]Cl.
photoproducts, exhibiting an apoptotic cell death has recently been reported (Masnour
et al., 2020), yet the isolated aquated photoproduct is to be further investigated on
various cell lines as well as its mode of death. Primary studies of
[Ru(bpy)(dpphen)H20]Cl> on a skin carcinogenesis model is being undertaken, by
administering 2.5 mg/kg in reference to cisplatin (2.5 mg/kg) to which results will be
reported. In our lab, groundwork has shown the prodrug; [Ru(bpy).dpphen]Cl. was
lethal at a dose of 2.5 mg/kg as well as 1.5 mg/kg after a month of studying its MTD.
[Ru(bpy)2dpphen]Cl. photoproduct reached a maximal of 5 mg/kg IP and IV and still
showed no sign of death indicating the dose of choice for the purified aquated
photoproduct.

The potential that [Ru(bpy).BC]Cl> held as a photo activated cancer therapeutic
(Mehanna et al., 2019) led to the further examination of the mechanism of cell death.

The cell line A375 (human melanoma), was chosen for in vitro studies, as it holds the
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closest characteristics to the skin carcinogenesis model which was to be implemented
after the understanding of [Ru(bpy)2BC]Cl. hypothetical mechanistic cell death, to

then study its efficacy in vivo.

Foremost, findings have shown that metal complexes cellular uptake improved with
lipophilicity (Puckett & Barton, 2007). The LogP (partition coefficient) between the
octanol (hydrophobic) and water (hydrophilic) phases were measured to establish the
scope of lipophilicity defying the cellular uptake. Comparing to the unstrained control;
[Ru(bpy)2phen]Cly, its LogP was found to be -2.82 while [Ru(bpy)2BC]Cl> was LogP
= -1.57, which showed significant lipophilicity in comparison. The greater
lipophilicity was due to the BC ligand having a LogP = 6.96 (IC50 = 51.9 + 1.4)
conferring the immediate uptake of [Ru(bpy)2BC]Cl. precursor at Oh (136 uM/cell;
figure 3.19) compared to its photoproduct (23 uM/cell; figure 3.19) in A375 cells.
Noting [Ru(bpy)2dpphen]Cla, held a LogP = -2.53, it did not show any sign of uptake
after immediate incubation with the precursor at Oh on A549 cells. [Ru(bpy)2phen]Cl2
showed minimal uptake through cell membranes owing to its rather hydrophilic
associated LogP value (Table 3.1) and associated 1C50 (>100; table 3.5) (Mansour, et
al. 2018, Mehanna et al., 2019). Figure 3.19 demonstrated the intracellular comparison
of [Ru(bpy).BC]Cl> precursor vs photoproduct. At 24 hours, the intracellular
concentration of the precursor was 1566 uM/cell, 522 folds greater than the
extracellular concentration (3 uM), whilst the photoproducts only showed an
intracellular concentration of 287 uM/cell at 24 hours and 95-fold greater than the

extracellular concentration (3 uM).

[Ru(bpy)2BC]ClI. has a PACT potential due to its significant uptake and photochemical
characteristics, yet, it is to be efficient, should the compound be activated
intracellularly, prompting selective toxicity, thus curtailing side effects (Dickerson, et
al., 2014). This was first assessed by studying the cytotoxicity in vitro on A375 cells
and presenting a phototoxicity index(Pl) of 339 (Pl= ICsqo dark/ ICso light). It is
noteworthy that the dissociative ligand BPY held no effect on A375 cell lines (LogP
=1.88 and IC50 >100). To further assure the photolysis effect of the complex on A375
cells be due to the intra-activated complex, only the intracellular complex was photo
irradiated and its cytotoxic effect compared to (Light; figure 3.23) that which was

irradiated while still having non-uptaken precursor in the medium. No significance
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was observed indicating irradiated complex in the medium did not confer the major
cytotoxic effect. To further convene this, the complex was irradiated in media on a
separate plate and then the photoproducts formed were then moved to the seeded cells
to obtain their cytotoxicity (IC50 = 15.74 + 1.3; table 3.7, figure 3.23).

Pathways which [Ru(bpy).BC]Cl. can use as a route to enter cells, can be via the
simple passive diffusion; down the concentration gradient, facilitated diffusion; via
channels and carriers, active transport; using transport proteins or ATP power driven
pumps versus the concentration gradient or by endocytosis; vesicular formation via the
cell membrane (Kunjachan et al., 2014). The mode of uptake of [Ru(bpy).BC]Cl>,
suggested an active mode of transport considering its high intracellular concentration.
This was set after observing a significant decrease in the precursors uptake at 4 °C,
showing its obstruct of energy dependent, active mechanisms of transport (Puckett &
Barton, 2007; Puckett & Barton, 2008). While the intracellular concentration did
substantially decrease, it is still 110 folds greater than the extracellular concentration
(3 uM), which proposes [Ru(bpy)2BC]Cl. may also use another route of transport, as
well as not achieving complete inhibition at 4 degrees (Puckett & Barton, 2007;
Ghezzi, et al., 2004). A significant decrease is also observed in the transferrin receptor
mediated uptake, indicating the complex would freely use this passage to enter (figure
3.20). This has been suggested and demonstrated on KP1019, a ruthenium based drug
which used the transferrin receptor as the route of entry to cells. To further confirm
our complexes route of entry via the transferrin receptor, complex KP1019 or iron
itself can be used for comparison, for future implementations (Li & Qian, 2002). The
mechanism of transport remains to be further clarified as a dual mechanism of
transport seems to be the case. Substitute receptor-mediated paths like the Epithelial
growth factor receptor (EGFR), or Low density lipoprotein (LDL) receptors, lipid
raft/caveolae-mediated endocytosis (inhibit using Nystatin and Dynasore) or clathrin-
mediated endocytosis using sucrose to block the route can be further looked into
(Xiaoning, et al., 2018).

ROS formation may be formed by the disturbance of the membrane potential of the
mitochondria or cell anti-oxidant system hindering. The production of ROS has been
associated with type | programmed cell death (apoptosis), type Il programmed cell

death (autophagy) and type Il programmed cell death (necroptosis) (Perillo et al.,
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2020). Transition metal based complexes like ruthenium and platinum generated ROS
and thus hydroxyl radicals producing oxidative DNA adducts (Cadet & Davies, 2017).
ROS production was not exhibited in A375 cells treated with [Ru(bpy)2BC]Cl. in the
dark but showed a significant production of ROS in [Ru(bpy)2BC]CI. treated and light
irradiated cells (P<0.0001), 3-folds greater than TBHP (positive control). The control
irradiated cells also showed a significant increase in ROS production (P<0.01) (figure
3.25). The production of ROS due to blue light itself has been reported on melanoma
cells in PDT and PACT (Akasov, et al., 2019; Hopkins, et al., 2016).

Western blots were performed to determine the route of cell death, which
[Ru(bpy)2BC]ClI2 holds as a PACT, conferring its potency. The intrinsic path, was first
studied, by studying the protein expression of Bax and Bcl-2. The increase in Bax
levels moved to the mitochondria, consequently increasing the cytochorome c release,
whilst having low Bcl-2 levels, preventing the apoptotic inhibition (Shamas-Din, et
al., 2013; Kilbride & Prehn, 2013). After a 24-hour incubation with [Ru(bpy)2.BC.Cl;]
treated in the dark and light, no effect was observed in neither the expression of Bax
nor Bcl-2, nor its ratio (Bax/Bcl-2; figure 3.29). Yet, after 48 hours, a 3-fold increase
was observed in the protein level of Bax, yet Bcl-2 was still relatively functional, still
showing a significant increase in the Bax/Bcl-2 ratio. When A375 cells were incubated
72 hours with irradiated [Ru(bpy).BC]ClI>, a noticeable increase was observed in Bax
(15-folds) and a significant decrease in Bcl-2 was associated, inferring a Bax/Bcl-2
ratio of 60 folds, in comparison to the control cells (figure 3.27, 3.28, 3.29). The
increase in mitochondrial cytochrome c release starting at 48h was the result of pro-
apoptotic Bax surge at 48h, yet was not significantly increased till 72h post-treatment

in comparison to the control (figure 3.30).

The executioner caspase, caspase 3, and end point of the intrinsic and extrinsic
pathways, is an important event of apoptosis, as it holds effector caspase activity to
downstream proteins, promoting cellular death (Walsh, et al., 2008). Western blot
guantifications have shown a significant increase in cleaved caspase3 of the cells
treated with [Ru(bpy)2BC]ClI> light irradiated (L) (figure 3.31) starting at 48h as well
as in the control light treated cells (CL). At 72h cleaved caspase 3 showed an 8.3-fold
increase in [Ru(bpy)2BC]CI: light irradiated (L) cells, pounding the effect observed in
light irradiated cells (CL) at 48h (figure 3.31). This infers the most efficient effect of

apoptotic markers, was prominent at 72 hours.
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Downstream of caspase 3 is an essential controller of apoptosis; PARP (Poly [ADP-
ribose] polymerase 1), whose activated cleavage is associated with an increase in DNA
disintegration in the nucleus and consequently cell death (Stennicke, et al., 1998;
Caron et al., 2019). The cleavage of caspase 3 successively cleaves PARP (Segawa,
Suzuki & Nagata, 2011). Analysis of the western blots (figure 3.32) expressed a
significant increase in light treated (L) vs control light irradiated cells post 48 hours,
at which a surge increase (14-folds) was not to be missed at 72 hours in the
[Ru(bpy)2BC]ClI> light irradiated (L) cells. This reinforces the observant apoptotic

initiation at 48 hour and definite surge at 72 hours.

Caspase 3 is capably activated via an extrinsic pathway, primarily by the DISC
complex activating procaspase 8. The stimulation of caspase 8 can either immediately
activate caspase 3 or it can activate and cleave Bid, which will assist the discharge of
cytochrome ¢ from the mitochondria, consequently activating the intrinsic apoptotic
path (Raychaudhuri, 2014; Park, 2012; Twiddy, et al., 2004). To observe whether this
is applicable in the PACT treatment of [Ru(bpy)2BC]Cl.], procaspase 8 expression
was quantified by western blotting (figure 3.33). Comparing to control cells and dark
treated [Ru(bpy)2BC]Cl:], procaspase 8 was significantly downregulated in light
irradiated [Ru(bpy).BC]Cl.] treated A375 cells post 72 hours. This infers the
activation of both intrinsic and extrinsic pathways at 72 hours post treatment of light
treated cells. These were also the routes of cell death observed in the PACT potential
of [Ru(bpy)2dpphen]Cl. on MDA-MB-231 cells (Mansour et al., 2020).

The tumor suppressor p53 which controls the pro-apoptotic Bcl2 family members;
Noxa and Puma, has control on many downstream protein like p21 (Ruhul, et al.,
2015). Cyclin dependent kinases which hold an important role in cell cycle progression
and, subsequently, proliferation is constrained by the universal inhibitor p21, which is
essential in arresting cells in their G1 and GO phases of the cell cycle post DNA
damage (Han, et al., 2002). This being said, p21 was quantified at 72-hours post
[Ru(bpy).BC]CI. light irradiated treated (L) A375 cells (figure 3.34), knowing
apoptosis was most significantly active at this time point. It was noticeably upregulated

in comparison to the control cells.

As demonstrated in figure 1.3, Ras-ERK and PI3K-Akt have been associated with cell

survival, and the ability to control cellular invasion and migration (Azad etal., 2010).
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The downstream effectors of both pathways are capable and linked to effectors of
apoptosis. Substrates that are controlled by ERK include Bid/ Bax and p21. The
phosphorylation and activation of ERK (P-ERK), commits its translocation to the
nucleus transcribing survival genes (Kondoh, et al., 2007; Sabio & Davis, 2014). Thus,
the inhibition of P-ERK has been associated with the active apoptotic proteins, keeping
P-ERK localized to the cytoplasm. The production of ROS has been linked to DNA
damage, increasing p53 and subsequently p2l1 activity controlled by ERK
(Subramaniam et al., 2004; Sabio & Davis, 2014). Western blot analysis of P-
ERK/ERK was analysed at 72-hours post treatment (figure 3.35), exhibiting
significant decrease/ inhibition of P-ERK, promoting apoptosis. The phosphorylation
and activation of AKT inhibits apoptosis by preventing caspase 9 activity (important
in activating and cleaving caspase 3), and inhibit MDM2 which will consequently
down regulate p53 (Shi, et al., 2012). Western blot analysis of P-AKT/AKT showed
significant inhibition of both dark (D) and light (L) treated [Ru(bpy)BC]Cl. (figure
3.36), inferring an apoptotic mechanism. Noting the significant inhibition in the dark
treated A375 cells, holds a potential for [Ru(bpy)2BC]Cl. as a chemotherapeutic agent
considering its low toxicity (IC50 43.1 + 1.3).

A complex made of the autophagic protein Beclin-1, and Bcl-2, the anti-apoptotic
protein is associated with the inhibition of autophagy-related cell death. This
phosphorylated inhibition of Bcl-2 allows for the crosstalk between apoptosis and
autophagy (Marquez & Xu, 2012; Chen, et al., 2019). Noting the significant
downregulated expression of Bcl-2 at 72 hours (figure 3.28), can explain the
overexpression of Beclin-1 at 72 hours (figure 3.37), indicating the existence of both
apoptotic and autophagic cell-death. Further proteins related to autophagy are to be
studied. Noting the link of autophagy to AKT and mTOR (figure 1.3), the triggered
activation of AKT, will phosphorylate and inhibit TSC1/2 thus, inducing mTOR and
cell survival. Figure 3.36 demonstrates the significant inhibition of P-AKT/AKT,
indicating, most probable inhibition of mMTOR thus activating autophagy associated

markers (Huang and Manning, 2008; Alayev and Holz, 2013).
Conferring the production of ROS (figure 3.25), the effect of [Ru(bpy).BC]ClI> on

DNA damage was measured both on dark and light treated (irradiated) A375 cells
using the comet assay (Hageh, et al., 2018). The DNA of healthy cells, remains
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supercoiled and confined to the nucleus at which it is not affected and will not migrate
upon electrophoresis. Cells having damaged DNA, will leave the nucleus (comet
head), representing a longer migration upon electrophoresis generating a comet tail
(Lu, etal., 2017; Hageh et al., 2018). Silver staining, provides the microscopic images
for the observation of cells having damaged DNA, which show greater tail length, tail
DNA content, overall tail moment and tail moment index (TMI). Only after
[Ru(bpy)2BC]Cl2 was light irradiated in A375 cells, did a significant (P<0.0001) DNA
damage occur, as calculated from the TMI (figure 3.39, table 3.9) and observed in the
microscopic images (LIGHT; figure 3.38). No DNA damage was detected in dark
treated cells, having DNA condensed at the comet head (DARK; figure 3.38). The
effect seen in light treated cells was not attributed to light itself as slight damage was
observed in comparison to that irradiated with [Ru(bpy)BC]Cl.. These results reflect
that observed in the ROS production (figure 3.25). Various studies have stressed the
part of DNA modifications by metal-based aqua complexes and their effect on cell
cytotoxicity, and associated apoptotic characteristics (Han et al., 2002; Garner, et al.,
2011; Sabio & Davis, 2014; Haghe, et al., 2018). The results we obtained are in line
with other ruthenium based complexes like, Ru(bathophenanthroline)s, and more,
which showed to have great affinity to binding DNA, subsequently DNA damage upon
treatment (Komor & Barton, 2013; Dickerson et al., 2014; Cadet & Davies, 2017).

To confirm the mode of cell death, induced by [Ru(bpy).BC]Cl., flow cytometry was
done on A375 cells. Annexin V and 7-AAD known to bind phosphatidylserine (PS)
on the outer leaflet of the cell membrane (a hallmark of apoptotic cell death) and DNA
respectively, were used to bind and fluoresce to detect percent apoptotic or necrotic
cells (Leber, et al., 2012; Zembruski, et al., 2012). Cisplatin was used as a positive
control, knowing its apoptotic choice of cell death (Basu & Krishnamurthy, 2010; Del
Bello, et al., 2013). Cells were distinguished as populations of cells. No significant
effect was observed in that of dark treated cells (D) nor in light irradiated cells (CL)
(figure 3.40 B & 3.42). Noticing very little death at 24h post treatment in all conditions
(figure 3.40 A & 3.41), including cisplatin leaving roughly 90% healthy cells. Cells
treated with [Ru(bpy)2BC]Cl. for 72 hours, dark vs. light remain to be investigated.
Many PACT ruthenium complexes showed similar mode of cell death, like

[Ru(bpy)2dpphen]Cl2, which was pro-apoptotic on MDA-MB-231 cells most
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effectively starting at 48h and similar at 72h, with no significant death at 24h (leaving
94% healthy cells) (Mansour et al., 2020).

The Lethal dose of [Ru(bpy).BC]Cl>, was obtained via the UDP (Erhirhie, et al.,
2018). Preliminary studies of daily IP injections over a one month period of 0.2 mg/kg,
0.4 mg/kg, 1 mg/kg and 2.5 mg/kg showed no sign of toxicity/death, nor weight loss.
This directed a starting dose of 5 mg/kg, at which no death was obtained, to then move
to 10mg/kg and observe seizure like death. The lethal dose was obtained to be in the

range of 6-7 mg/kg, observing death at 7 mg/kg (Figure 3.43; Appendix C).

The Maximum tolerated dose of [Ru(bpy).BC]Cl> was then studied over 28 days,
showed no sign of physical or behavioural changes in all groups except that of the
group administered 5 mg/kg [Ru(bpy).BC]ClI>, at which two of three mice died on the
23" day. This indicated a one month period of 5 mg/kg has caused some form of
intoxication to be further studied. Accordingly, the dose of treatment was decided
(table 2.2).

A BALB/c mouse, skin cancer model was induced by multi-stage DMBA/TPA
chemical carcinogenesis following a modified protocol (Kwitniewski, et al., 2009).
After 12 weeks, mice were divided into five groups (table 2.2), ensuring a
homogeneous division of tumors in each group. Five random images in figure 3.46,
are shown 12 weeks after two rounds of DMBA (initiator) and continual TPA (pro-
inflammator) indicating all 32 mice developed skin carcinogenesis. TPA was added
topically twice a week over the course of the experiment to avoid tumor regression
(Kong & Xu, 2018). This model was designed to test the efficacy of [Ru(bpy)2BC]ClI:
photo activated chemotherapeutic potential and test the chemotherapeutic potential of
[Ru(bpy)(dpphen)H2O]Cl> over a period of 8 weeks. This study is to be yet completed,
but records of up till three weeks are reported. At 3 weeks’ post treatments, all groups
have exhibited a significant decrease in tumor volume in reference to the control. The
tumor growth has been controlled greatly in G2 in and G3 in comparison to GO from
the beginning to week 3 with no surge increase in tumor volume. In G1 and G4 there
was a surge increase in tumor volume at week 2 which then was decreased at week 3
indicating the initiation of the treatments activity against carcinogenesis. Tumor

incidence has significantly declined in all groups at week 3 (figure 3.50). The study is

90



to be continued up till 8 weeks of treatment to observe how long the complexes in
study can control tumor volume and incidence and if complete regression can be

obtained.
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Chapter Five

Conclusion

Overall, we have explored the PACT potential of [Ru(bpy).BC]Cl>, and isolated
[Ru(bpy)(dpphen)H20]Cl. to study its chemotherapeutic potential. In conclusion,
[Ru(bpy)2BC]ClI, was found to be more lipophilic than [Ru(bpy)2dpphen]Cly, linking
to the presence of [Ru(bpy).BC]ClI> at Oh and absence of [Ru(bpy)dpphen]Cl> upon
cellular uptake by ICP-MS. The phototoxicity index of [Ru(bpy).BC]CIl> was 339
compared to 39 for [Ru(bpy)zdpphen]Clz. The mechanism of [Ru(bpy).BC]Cl: as a
PACT was identified, exhibiting the production of ROS, associated with DNA damage
detected from comet tail formations, linked to the intrinsic apoptotic pathway. The
intrinsic and extrinsic apoptotic pathways identified via flow cytometry exhibiting
significant percent of apoptotic cells in [Ru(bpy).BC]CI> light treated cells after 48
hours of treatment and apoptotic proteins further studied by western blotting. The
participation of the MAPK and PI3K pathways exhibited a significant decrease in their
phosphorylated substrates, further indicating a pro-apoptotic mechanism. The
significant increase in Beclin-1 at 72 hours identifies an autophagy dependent cell
death. The efficacy of [Ru(bpy).BC]Cl. PACT and [Ru(bpy)(dpphen)H20]Cl
chemotherapeutic potential were studied on a skin tumorigenesis model exhibiting
significant tumor regression on the third week and is to be further reported after a total
of eight weeks of treatment have been finalised. Further studies on the
pharmacokinetics and bio-distribution as well as the mode of excretion of
[Ru(bpy)2BC]ClI. are to be studied to assist drug dosage and most efficient delivery
mode. The exhibition of [Ru(bpy).BC]CIl. PACT being cell-line dependent suggests
the next model to be designed is a colorectal induced carcinogenic model due to the
high cytotoxicity shown on HT-29 cells which are cisplatin resistant (Mehanna, et al.,
2019; Hector et al., 2001). Further investigation on the mode of cell death of
[Ru(bpy)(dpphen)H2O]Cl: is to be done.
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Appendix
Appendix A

A.1 Ru(bpy)2Phen(PFs)2 '"H NMR

Purity and synthesis of Ru(bpy)2Phen(PFs)2, Ru(bpy)2BC(PFe)2,

Ru(bpy)2Dpphen(PFs)2 and Ru(bpy)dpphen[H20](Cl,) were ensure by *H NMR and
peak characterization
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Figure 3.2. "TH NMR spectra of Ru(bpy)Phen(PFs)2. The chemical shifts are
expressed in ppm. The chemical structures represented belong to the coordinating
ligands 2,2'-bipyridine (BPY) and 1,10’-phenanthroline (Phen). (A) Represents full
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spectra, aromatic and aliphatic regions Solvent residual peaks are seen at 3-4 ppm. (B)
Represents an expansion of the aromatic region of the spectrum. The hydrogens are

labelled using numbers to assign to peaks on the NMR spectra. Ru(bpy)2Phen.PFs was
dissolved in deuterated CH3CN.

A.2 Ru(bpy)2BC(PFs)2 '"H NMR
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Figure 3.3. 'H NMR spectra of Ru(bpy):BC(PFs)2. The chemical shifts are
expressed in ppm. The chemical structures represented belong to the coordinating
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ligands 2,2'-bipyridine (BPY) and Bathocuproine (BC). (A) Represents full spectra,
aromatic and aliphatic regions Solvent residual peaks are seen at the upper left inset.
(B) Represents an expansion of the aromatic region of the spectrum. The hydrogens
are labelled using numbers to assign to peaks on the NMR spectra. The * represents
the hydrogens on the phenyl groups which are detected as a multiplet on the spectrum.
Ru(bpy)2Phen.PFe¢ was dissolved in deuterated CH3CN.

A.3 Ru(bpy)Dpphen(PFs)2 "TH NMR

The purity of Ru(bpy)2dpphen(PFs)2 was done and confirmed via 'H NMR spectra
comparison to previously reported characterization of the compound (Mansour et al.,

2018)

A.4 Ru(bpy)dpphen[H20](Cl2) 'TH NMR

The characterization of Ru(bpy)dpphen[H20](Cl2), is yet to be completed off-campus.
Appendix B

Table 3.2. Concentration of precursor vs. photoproduct

UV-vis Peak Absorbance Concentration

Precursor 455.98nm 0.116688 2.77uM

Photoproduct 537.9898nm 0.092259 2.197uM
Appendix C

Table 3.10. Lethal dose and effect observed. M = balb/c mouse.

Dose Effect
M1 - 5 mg/kg No death
M2 - 10 mg/kg Death within 30 mins = seizure like
M3 - 9 mg/kg Death within 1-2 hrs
M4 - 7.5 mg/kg Died ~ 5 hrs later
M5 - 6 mg/kg No death
M6 = 7 mg/kg Died overnight
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ACUC CHAIR IN ORDER TO RESOLVE SUCH CONDITIONS. ACUC APPROVAL CANNOT BE GRANTED UNTIL NON-
COMPLIANT ISSUES HAVE BEEN RESOLVED.

If you have any questions concerning this information, please contact the ACUC office by email at
acuc@lau.edu.lb

Dr. Sama Sleiman

Chair, Animal Care and Use Committee
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DOCUMENTS SUBMITTED:

ACUC Protocol Application Received July 2020
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