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Abstract

Being the second biggest global killer, despite an array of pharmaceutical and treatment interventions,
cancer is a prominent strain on healthcare. Currently, the precious metal complex cisplatin and its
second-generation platinum complexes, carboplatin and oxaliplatin, are essential in the management
of many cancers, being utilised in around 50% of all treatment regimens. Nonetheless, their use is

fraught with deleterious side effects, a common problem with many non-targeted chemotherapies.

Platinum-based treatments are front line choices in malignancies such as ovarian cancer. As the sixth
most common cancer, it tends to have a positive initial response from surgery and chemotherapy
regimens, but relapse is frequent and often associated to resistance. This has led to ovarian cancer
having a 66% death rate. Such treatment failures have inspired research into the potential of other
precious metals. Ruthenium, for example, is a transition metal like platinum but it has the potential for
improved qualities including wider coordination space, broader capacity to hold variations in chemical
moieties and iron-mimicking. A large number of ruthenium complexes have been synthesised thus far

with exceptional anticancer activity, and singular examples have reached clinical studies.

In this work, ruthenium piano-stool complexes with a bidentate iminopyridine ligand with differing
bioisosteric replacements in the phenyl ring have been investigated. Replacing small moieties in drug-
like molecules have shown to make significant differences in their potency. This work uses such strategy
to investigate ruthenium-based complexes as anticancer agents. The research has successfully led to
the synthesis, physiochemical and biological investigation of 22 piano-stool complexes differing in
bioisosteric replacements, and their further investigation into the death mechanisms, DNA, and cell

membrane targeting mechanisms of action of four lead complexes.

The complexes with modified ligands explored demonstrate the high potential of ruthenium piano-

stools in the treatment of ovarian cancer and the potential of bioisosteric replacements.
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Chapter 1 - Introduction

Overview Of Epithelial Ovarian Cancer, Current
Treatments, And The Use Of Precious Metals

Against Cancer



1-1: A growing problem

The development of abnormal, undifferentiated growths has been recorded as early as Egyptian times,
nonetheless detailed scientific examination of cancer was not described until the 16™ century, with in-
depth documentation accompanying the development of autopsies and the field of pathology not
appearing until 19" century!. With the increasing aging population and increased exposure to
environmental risk factors, cancer is now one of the most prevalent healthcare concerns globally?™,
Screening and treatment advancements have increased ten-year survival rates of patients in the UK
from 24% to 46% between 1971 and 2005 with survival now improving to 49%>°. Yet, incidence has
also increased by 12% from 1993 to 2017, culminating as a global 1:5 lifetime (before age 75) diagnosis
risk with a total of 19.3 million cases being diagnosed in 2020%*%7. There is now also increased
incidence and mortality rates from developing countries where capability for care is lagging,
demonstrating that cancer is now becoming a global concern®. The highest incidence cancers globally
in 2020 were breast (11.7%), lung (11.4%), colorectal (9.8%), prostate (7.3%) and skin (non-melanoma,
6.2%). However, these percentages are not reflective of the highest causes of cancer death which were
lung (18.0%), colorectal (9.2%), liver (8.3%), stomach (7.7%), and breast (6.9%)*®. These differences in
incidence and death rates can be attributed to a variety of reasons including ability for prevention,

screening, treatment options, tumour heterogeneity and innate difficulty in treating the cancer type.

Prevention campaigns are dominated by the reduction of exposure to carcinogens. This includes the
avoidance of exogenous carcinogens such as smoking, attributed to be the dominant preventable
cause, but also promoting healthier lifestyles to reduce obesity through exercise and diet®. Many
causes of cancer have been identified with lists of hundreds of compounds and agents being listed as
carcinogens by groups such as the World Health Organisation and the U.S. Department of Health and
Human Services'%1!, These lists indict causes such as tobacco, UV radiation, alcohol, infection, obesity,

and infection, yet only 30-50% of cancer is preventable by lifestyle changes!?. While specific



carcinogens target certain tissues over others, at a molecular level, cancer often exhibits the same
traits resulting from genomic mutations and aberrant protein expression?3-1>, These traits of cancer are
also known as the Hallmarks of Cancer shown in Figure 1-1¢%8, These hallmarks are required for the
development of cancer, being an enabler or a product of cancer development, highlighting the highly

complex and interlinked mechanisms required®.

Figure 1-1: The Hallmarks of Cancer defined by Hanahan and Weinburg!®8, These traits have found
to be essential to the development of cancer, regardless of type. Furthermore, these traits can be
applied to the treatment of cancer by targeting the errant pathways utilised in these hallmarks.
Figure modified and presented as the accumulation of the three updates to the hallmarks published;
orange hallmarks identified in 2000, green hallmarks identified in 2011, and blue hallmarks
identified in 202228,



With only a fraction of cancer incidences being preventable, early diagnosis screening has been
effective for several cancers. One example is breast cancer screening by mammography, which can
decrease death rates of women over the age of 40 by 40% with regular screening®. Furthermore,
computational modelling has suggested that when breast screening availability is reduced by 50%, a
six-month screening delay could lead to ~40,000 life-years lost?. Yet, more than 90% of cancer cases
in the UK are diagnosed by symptomatic disease presentation, and screening is not effective for all
cancer types such as with ovarian cancer?. A long-term ovarian cancer screening trial done in the
United Kingdom (UKCTOCS) was conducted with 202,638 women enrolled concluded that neither
CA125 and/or ultrasound screening significantly reduced deaths from ovarian or tubal cancer, despite
earlier and lower stage diagnoses?. The limitations of prevention and early intervention are evident in
insignificantly altered disease rates of ovarian cancer in recent years?™. Therefore, new and improved

treatments are required, especially in regard to ovarian cancer.



1-2: Ovarian Cancer

In this work, Epithelial Ovarian Cancer (EOC) was focused on for a variety of reasons. Ovarian cancer is
the sixth most common cancer with globally; in 2020, 313,959 women were diagnosed and 207,252
died (66% death rate), with a five-year survival rate of stage IV patients is less than 20%*. Further, even
if remission is achieved, many relapse within two years with rarely curable conditions. Death rates of
relapsed patients are as high as 56-70% for clear cell carcinoma histology or late stage progression with

peritoneal metastasis?2°,

Ovarian cancer develops from three main areas: the epithelium, germ cells and sex-cord stromal tissue,
90%, 3% and 2% respectively, with the remaining 5% being uncharacterised®'. EOC can be separated

into five groups3%3%;

e Serous — originates in the fallopian tube (52%)
¢ Endometrioid — originates from the womb endometrium (10%)
e Mucinous — histopathologically related to the endocervical epithelium and often remain
confined to the ovary (6%)
e Clear cell — originates in the endometrium, but are characterised by their histological features
of large “clear cells” (6%)
e  Other — consists of rare types or are uncharacterised (27%)
Further, tumours can be divided by being type I, large unilateral tumours which are thought to be
derived from benign ovarian lesions such as cysts that embed and mutate, or type Il which are high
grade bilateral tumours which are often aggressive and have low survival rates3.,
Ovarian cancer patients are often middle-aged women, with increasing age associated with higher risk
of development, higher stage at diagnosis and higher risk of death3*3, This trend is attributed to
increased toxin exposure and mutation accumulation over time, especially as there is no increased risk

of ovarian cancer regarding tobacco and alcohol*. Other risk factors have been identified such as being



postmenopausal, increase in gonadotropin levels, menopausal hormone treatments, increased
number of menstrual cycles, increased retrograde bleeding and ovary stress, and that protection
against ovarian cancer increases with parity, breastfeeding and hormonal contraceptives 3%%. These
risk and protective factors were initially noted in 1971 as part of the Incessant Ovulation Hypothesis:
mammals that underwent frequent and high number of ovulation cycles had a higher frequency of
ovarian cancer®. This was demonstrated in chickens where increased ovulation to increase egg
production resulted in 89% of chickens developing ovarian adenocarcinoma, but also in women that
were not given ovulation rest periods by pregnancy, there was an increased risk of developing ovarian
cancer®3’, However, there is evidence that fertility therapy does not increase risk of developing
ovarian cancer®, This led to the evolution of the Incessant Ovulation Hypothesis to be based around
the combination of ovulation, menstruation, menopause hormone therapy and age induced
gonadotrophin to work in combination to result in the increase of inclusion cyst and follicular fluid
formation, retrograde bleeding and signalling pathway alterations culminating in reactive oxygen
species (ROS) generation, dysregulated iron and transferrin levels and inflammation causing damage

to ovary cells causing proliferation which goes on to mutate into cancer® .

While incidence is higher in middle-aged women, EOC can affect women of all ages due to other causes
including hereditary genetic alterations which cause 36% of EOC*. Mutations in BRCA1/2, key genes
in DNA strand break repair, occur in ~23% of cases and they are the most frequently documented
mutation in EOC familial cases?3%3°, However, after high-grade serous carcinomas have established,
BRCA1/2 function can be regained following platinum treatments®*. Mutation of key enzymes in
mismatch repair have also been documented including MSH2/6 MLH1, PMS1/2, STK11 and
MUTUH?®32, Other genes that have been documented to be frequently mutated also include TP53,
CCNE1, RB1, BECN1 and NRAS leading to the deregulation of several pathways including genome
damage surveillance, growth regulation, and autophagy causing the development of high-grade

tumours®.



Thus far in the UK, genetic testing is not routine in initial diagnosis or treatment, yet since the
development of PARP inhibitors (PARPi) in recent years there has been a push for the use of BRCA
testing for PARPi use, and is now utilised in recurrent cases only*®®. However, their use is still limited
due to the low frequency of BRCA mutations in recurrent conditions®'. The National Institute for Health
and Care Excellence (NICE) guidelines surrounding ovarian cancer and familial risk newly updated in
March 2024 has expanded the screening of the proband and relatives to test for mutations in BRCA1/2,
SMARCA4, FOXL2, CTNNB1, APC, and DICER1, with a trial on whole genome sequencing on germline
and tumour tissue®?™**, However, no further guidance on the use of PARPi has been described. At this
point in time, there is a delay in the research in this area and the knowledge gained being translated

into clinical use, even then this work is limited as only a fraction of patients will benefit.

EOC patients suffer from a non-specific range of symptoms, earning it the title ‘the silent killer’. Other
cancers such as breast or lung cancer often have a prominent symptom that can be noticed by a
clinician or a patient, for example the feeling of a mass or a persistent cough, respectively®. In contrast,
EOC often is asymptomatic in early stages and late-stage cases often have non-specific symptoms such
as abdominal bloating, early satiety, nausea, back pain, tiredness, weight loss, change in bowel and

urinary functions, leading to late diagnosis?®“,

As EOC suffers from limited familial diagnostics, lack of screening, an ambiguous symptom profile and
inadequate treatment regimens, this has led to poor diagnosis and survival rates. Only 15% of EOC
cases are identified in stage | whereas over 70% are detected in stage Ill or IV, additionally death rates
have continued to increase over the last ten years?3%% This demonstrates that even if EOC is

diagnosed earlier, high death rates persist, highlighting the need for treatment advancement.



1-3: Cancer treatments currently in use

In 2012, the World Oncology Forum questioned “Are we winning the war against cancer?”. While there
have been many excellent successes in the development of many cancer treatments, the overarching
sentiment was that while several battles have been won, the war continues, with each method of
treatment significantly differing their positives and draw backs*:. Example treatment regimens include

surgery, chemotherapy, radiotherapy, ablation, and immunotherapy.

For ovarian cancer, most effective treatment types are surgical and chemotherapy treatments.
Research into the benefits of radiotherapy, ablation, and immunotherapy therapy have been
investigated with varying results. For radiotherapy, studies have found that its use has had limited
effectiveness in clinical use**. Ablation has received limited investigation due to the limitations of
the technique and preference for surgical resection of primary ovarian tumours, but the technique has
potential for metastatic tumours in organs with functional reserve such as the liver®>5,
Immunotherapy has gained significant interest, especially due to the immunogenic nature of ovarian
tumours. Immunotherapy treatments include the use of PD1/PD-L1 inhibitors and chimeric antigen
receptor (CAR) T cell therapies®’. Despite its success in other cancers, immunotherapy has had limited
success in ovarian cancer. For example, PD1/PD-L1 inhibitor studies have found that at best treatments
exhibit a partial response in a small fraction of patients, with the majority of patients exhibiting disease

progression®®>°, However, research into this area is still limited therefore may improve with further

research®’. Therefore, surgical and chemotherapy treatment options will be focused on in more depth.

1-3.1: Surgical treatment options

With the invention of aesthetic and antiseptics, the ability to exorcise the bulk mass of a tumour has
had great impact on the survival rates of patients and has become a cornerstone in cancer treatment

being used for more than 80% of cases®®!. Depending on the cancer type and location, surgery can



also be used for preventative, diagnostic, curative and reconstructive purposes and can vary from
partial to complete excision of a tumour in a curative manner®!. For example, for breast cancer, surgery
can be used for all the purposes above as mass debulking is possible as treatment which can then be
submitted for further testing, as well as reconstruction of the breast which has been found to be

helpful for patient wellbeing and mental health®-52,

For EOC, surgery can be used in a preventative, diagnostic and curative purposes and is often used as
part of gold standard treatment. Several surgical options are available depending on disease
progression and any associated familial history. One option is a bilateral salpingo-oophorectomy where
both ovaries and Fallopian tubes are removed®. This is considered a minimal risk surgery, achieved by
keyhole surgery and can reduce risk by 80% in BRCA mutation positive patients*’. Despite this large
benefit, this option is not routinely recommended without extensive education to patients as side
effects for women post-menopause includes minimal effects such as vaginal dryness, decreased sexual
function and decreased ability to orgasm*’. Further, this option is often recommended for pre-
menopausal women, as surgery immediately begins menopause, therefore has additional side effects

4764 Other surgical options include

including, cardiovascular disease, osteoporosis and sterility
laparoscopic debulking which can involve unilateral oophorectomy (ovary removal), or unilateral
salpingo-oophorectomy depending on the extent of disease progression with average 5-year
reoccurrence rates as low as 11.6% for stage | diagnoses®. While this is beneficial for younger patients

due to reproductive conservation, for more advanced cases effectiveness is much lower with increased

rates of distant disease and recurrence®®.

Tumour removal not only aids reduction of the tumour mass but provides a sample for further testing
for histological and genetic testing and disease staging. However, there is a very limited panel of genes
to currently test for beyond BRCA1/2 and limited approved targeted treatments for any mutations
found*. Therefore, while there is potential in this area, subsequent options must be improved before

any genetic testing becomes useful.



1-3.2: Currently approved chemotherapy for clinical use

With the previous options only providing part or not being suitable as a solution, chemotherapy is key.
Due to the array of dysregulation and cellular targets within a cell, a wide variety of treatments have
been developed targeting many different cellular elements. Two main categories of treatments have

developed: non-targeted and targeted.
1-3.2.1: Non-targeted chemotherapy

Non-targeted chemotherapies are defined as agents that are cytotoxic to all actively dividing cells
without discrimination, targeting both cancerous and non-cancerous tissue. Their versatility however
is their downfall. Their untargeted nature can cause a wide variety of side effects including nausea,
vomiting, fatigue, anaemia, lymphopenia, hair loss, fever, infection and bleeding, with additional side
effects exclusive to the treatment given®”-%°, Therefore, usage is tightly controlled and monitored, and
often given with an equally wide range of symptom alleviators such as antiemetics and broad range

antibiotics®.
1-3.2.2: Alkylating agents

During the First world war, chemical weapons were used to deal significant damage to the opposition
before their prohibition in the Geneva convention due to their horrific effects’%’*. However, during
this time, the effectiveness of mustard gas on bone marrow depletion was seen, and its effectiveness
the treatment of lymphoma was realised’®72. This gave rise to first generation alkylating agents such
as mechlorethamine (Figure 1-2a), which was a highly potent agent given intravenously’:. Further
modifications were then made to improve the lipophilicity and reactivity lead to the development of
later generation compounds such as chlorambucil (Figure 1-2b) which is less vulnerable to chlorine ion

displacement and is better tolerated’*”3,
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Figure 1-2: Examples of alkylating agents approved for clinical use. a). mechlorethamine, b).
chlorambucil.

There are now broadly six classes of alkylating agents across two groups and are now the most
commonly prescribed chemotherapy and are most effective in haematological cancers’. The two main
groups are monofunctional Triazenes/Hydrazines and Nitrosoureas which attack one DNA strand
forming adducts, and bifunctional Nitrogen Mustards, Oxazaphosphorines, alkyl alkane sulfonates and
ethylene imines/aziridines which attack two strands forming crosslinks’. These agents broadly work
by being metabolised from bis(2-chloroethyl) to an aziridinium derivative cyclopropyl electrophile that
seek and attack electron rich, nucleophilic DNA. Attacks are dominantly on DNA with very little
targeting of RNA and protein’2. Several positions of nucleotides can be attacked by SN1 and SN2
reactions attacking nitrogen and oxygen atoms, however, Guanine-N7, Cytosine-N3, Adenine-N1 and
Adenine-N3 are favoured targets’®’2. Despite being the most used chemotherapy, alkylating agents
struggle with resistance and significant side effects’%’. Intrinsic and acquired resistance has been
documented by the increased activity of O®-methylguanine transferase, which can remove the alkyl
chains added to Guanine-N77*7475, Further, an abundance of side effects have been documented
including diarrhoea, oral ulceration, nausea/vomiting, tremors, hallucinations, infertility, infection and
in rare cases bone marrow failure. Most of these issues can be combatted with the co-treatment with
other inhibitors and protective agents including O®-benzyl guanine to inhibit alkyl removal and
brefeldin A to prevent infection’%7#7>, However, alkylating agents suffer from being less effective

against fast-growing cancer cells, therefore less suitable for more aggressive cancer types”.
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Originally, platinum agents were classified as alkylating agents due to the similar pattern of damage
induced, however these complexes do not induce alkylation, but rather directly complex with DNA
through co-ordination bonds, which are more difficult to repair’t. With the improved knowledge of
their mechanism of action and mode of action (MOA), platinum complexes are now considered to be
their own category, and as alkylating-like agents. Globally, only three platinum complexes have been
approved for clinical use: cisplatin (CDDP), oxaliplatin, and carboplatin (Figure 1-3a, b, c). Three others
- nedaplatin, lobaplatin and heptaplatin have been approved for use in Japan, China and Korea,
respectively (Figure 1-3d, e, f)’27®. Following the initial description of CDDP in 1844, its effectiveness
as an anticancer agent was not identified until over 100 years later in 1965, and did not gain clinical
approval until 19787%7%, Platinum complexes are now used in 50% of treatment regimens for a variety
of haematological and solid cancers””~®. The clinically approved platinum complexes in Figure 1-3 are
square planar complexes and are constructed of three main moieties; a). the amine carrier ligands,
which, can adjust the pharmacokinetic properties of the complexes such as lipophilicity and uptake,
b). the chloride/carboxylate labile ligands, which are aquated as part of the activation mechanism, and

c). the platinum coordination sphere””%,

Here, CDDP will be focused on due to being the most frequently used platinum complex against
cancer®. Following its delivery by intravenous catheter, 68-98% of CDDP is transported in the blood by
transport proteins, primarily albumin via the hydrophobic site | subdomain IIA hydrophobic pocket®84,
Additionally, due to the chloride levels in the blood being at ~100 mM, the chlorine labile ligands are
not aquated, meaning CDDP remains inactive’?. Following uptake into the cell, primarily through active
transport via the copper transporter Ctrl in addition to some passive diffusion, CDDP is aquated to
form [Pt(NHs)2(H20),] because of the lower levels of chloride ions in the cell (being only ~3-20 mM)

and is activated’?®>. The aquated CDDP then binds to DNA though nucleophilic substitution, similar to

12



alkylating agents, however the platinum remains bound forming platinum adducts and inter-/intra-
stand crosslinks predominantly on Guanine-N78¢. These Pt-DNA adducts have been viewed to be more
toxic than CHs-DNA/alkyl chain-DNA adducts formed by traditional alkylating agents®. This is due to
alkylating agents only transferring a alkyl chain to DNA while in comparison CDDP and other platinum
complexes form co-ordination bond which are much stronger and harder to remove and repair as cells
have designated repair enzymes such as Og-methylguanine transferase which can remove alkyl adducts
but not coordination adducts’?’*. Adduct and crosslink formation encourages double and single strand
breaks. DNA strand breaks are highly lethal forms of DNA damage, forcing the cell into cell cycle arrest,
predominantly S phase and G,/M for CDDP treated cells to attempt to repair the damage®%°.
However, frequently this damage cannot be repaired, this initiates death signalling cascades to trigger
intrinsic apoptosis through the activation and deactivation of several proteins including p53, BID, BAX,
BAK, BH3 proteins, and BCL-2 family proteins. This leads to the development of mitochondrial
membrane pores, the release of cytochrome C, causing the cleavage of Procaspase 9 to Caspase 9 via
Apafl, the subsequent cleavage of Procaspase 3/7 to Caspase 3/7 causing apoptosis and cell death

through cell breakdown®%2,
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Figure 1-3: Platinum complexes approved for clinical use globally and locally. a). cisplatin (CDDP), b).
carboplatin, c). oxaliplatin, d). nedaplatin approved in Japan, e). lobaplatin approved in China, f).
heptaplatin approved in Korea.
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It should be noted that while platinum complexes have been found to have a similar MOA and
spectrum of activity, biological efficacy between them can differ. For example, carboplatin, has a
similar spectrum of activity, but is substantially less effective due to the formation of ineffective active
species and the reduced activity of the bidentate carboxylate liable ligand over the two monodentate
ligands of CDDP°*%3, Both differences are attributed to the difference in aquation method. It was
originally believed that aquation of carboplatin was similar to that of CDDP using associative
substitution of the carboxylate ligand with water, however upon further investigation, it was found
that the rate constant of this reaction was too low to be feasible in an in vivo system. While the full
mechanism of aquation of carboplatin is still under debate, there are several theoretically feasible
models including the utilisation of electron transfer hypothesis with the synthesis of several
intermediates and the use of other biological nucleophiles such as GSH and carbonate to form the final

aquated carboplatin complex®*%3,

Due to the uptake of platinum complexes being favoured by rapidly dividing cells, this makes them
highly effective against cancerous cells. However, this does not provide accumulation specificity with
other types of rapidly diving cells in the body such as hematopoietic and epithelial cells also
accumulating substantial levels of complex, causing significantly debilitating side effects in patients. In
addition to the general side effects induced by chemotherapy previously discussed, seven main
categories have been determined; nephrotoxicity, ototoxicity, neurotoxicity, cardiotoxicity,
haematological toxicity, hepatotoxicity, and gastrointestinal toxicity®. Of these, nephrotoxicity is most
prominent as up to 50% of CDDP is excreted through the kidneys within 48 hours of treatment, causing
high concentrations of CDDP in the nephrons leading to inflammation, oxidative damage, apoptosis
and acute tubular necrosis®. Severe nephrotoxicity is seen in ~20% of patients, but can be as high at
66-70% in the elderly and in children due to decline in function and glomerular filtration rate®>.

Further, inter-patient genetic variation in genes including ERCC1/2 and SLC22A2, coding XPD and OCT2
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proteins used in DNA nucleotide excision repair and CDDP uptake respectively have been corrected

with increased prevalence of nephrotoxicity®*°°.

Platinum complex regimens are also vulnerable to the development and intrinsic presence of
resistance. Four main resistance mechanisms effect platinum complex. Decreased uptake occurs by
reducing the amount of transporters including organic cation receptors, organic carnitine and
zwitterion transporters, LRCC8 and copper transporter 1%, Increased efflux is promoted by the
increase in MRP2 and other ATP-binding cassette transporters leading to the increased removal of
complexes before they have change to move to the nucleus and inflict damage®. Increased
detoxification is upregulated through increased levels of glutathione (GSH), glutathione-S-transferase,
and metallothioneins”. Increased damage repair is also initiated by upregulating enzymes and
effectors involved in translesion, nucleotide excision and homologous recombination repair including

XPD variants, PARP1, BRCA1/2, CHK1/2, and p53°"%,

Despite these setbacks, platinum complexes are still being widely investigated to improve potency and
bioavailability while attempting to alleviate toxicity and resistance mechanisms. This has mainly been
through the development of new structures and formulations. New structures include alternate carrier
ligands, addition of active cargos and the oxidization from Pt(ll) to Pt(IV) to change structure shape
from square planar to octahedral. Examples of these include such as phenanthriplatin, Pt(IV) LA-12,
Pt(ll) sugar conjugates, Pt(ll) hormone conjugates, Pt(IV) stataplatin, Pt(IV)-valporate conjugates, and
many others”91%, polymer complexes and nanoparticles have also been in development including
BBR3464, triplatinNC and triplatinNC-A polymers which are extended chains of CDDP derivatives with
three Pt(Il) centres® 1%, Nanoparticles include micelles such as NC-6004 and NC-4016, and the use of
carbon nanotubes®1%%102 The predominant aim of these complexes and formulations is to circumvent
the detoxification and accumulation mechanism observed in platinum resistant disease by protecting
against detoxicants like GSH and efflux by MRP2, utilizing alternate uptake mechanisms such as

endocytosis and other transporters like glucose transporters, prevent systemic platinum release, and
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adding additional properties with the conjugation with other biologically active molecules. However,
while several of these have been highly effective in vitro, in vivo, and in clinical trial, none thus far have

achieved clinical approval.

In cancerous cells, metabolism is accelerated to match demands required for accelerated growth.
Therefore, antimetabolites can provide some specificity targeting fast-growing and cycling cells!®. As
of 2017, 17 antimetabolites were approved for clinical use, divided into three groups; folate
antagonists (methotrexate), purine antagonists (mercaptopurine), and pyrimidine antagonists (5-
fluorouracil)(Figure 1-4)1031% QOriginally, antimetabolites were found to be most effective in
haematological cancers, but are now routinely and effectively used in the treatment of solid tumours
including, colorectal, breast and pancreatic cancer!®®. Despite having different targets, these
compounds have a similar MOA: to inhibit metabolic processes involved in the synthesis of DNA. For
example, 5-fluorouracil is taken up into the cell as an inactive pro-drug, which is then converted to
fluorodeoxy-uridine monophosphate, which covalently binds to the active site of thymidylate
synthase, inhibiting the conversion of deoxy-uridine monophosphate to deoxy-thymidine
monophosphate, preventing nucleotide synthesis!®#1%61%7 Qther secondary MOA have been shown

including direct DNA damage and by RNA damage’%17,

Despite the success that antimetabolites have had and the documented ability to be highly effective
in late-stage disease progression, response rates are highly variable'®, This has been attributed to the
MOA of these treatments, interpatient genetic variability of the enzymes involved in the metabolism,
intra-patient metabolic variability, and metabolic pathway cross-talk'°*1%, This variability coupled with
the dose-limiting toxicity of these treatments introduce a high variability preventing consistent
treatment. In addition, due to high metabolic processing in the body, only 3% of the final dose localises

to cancer environment to exhibit anticancer effects!?’. This leads to significant side effects including

16



anaemia, bone marrow disorders, gastrointestinal issues, haemorrhage, alopecia, cardiac disorders,
hepatic disorders, and parkinsonism®, These issues have led to the decline in pursual of new

antimetabolites for fear of developing new treatments with similar MOA and drawbacks®.
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Figure 1-4: Select examples of the main groups of antimetabolite compounds. a). methotrexate, b).
mercaptopurine, c). 5-fluorouracil.

1-3.2.5: Cytotoxic antibiotics

The natural world is often a source of inspiration for new effective treatments for many conditions,
and cancer is no exception. Cytotoxic antibiotics are compounds that are derived from bacteria and
fungi, so can be classified as natural products, that have profound cytotoxicity including anthracyclines
and epipodophyllotoxins!®. Despite cytotoxic antibiotic compounds having highly varying structures
and origins, this class often have very general MOA of attacking DNA via intercalation or by DNA
polymerase Il inhibition to induce damage and apoptosis. Two primary examples are doxorubicin and

etoposide (Figure 1-5).

Doxorubicin was originally derived from the bacteria Streptomyces peucetius in the 1970s and is now
a highly effective non-specific treatment for many cancers including breast, lung, gastric, ovarian,

thyroid, haematological and paediatric cancers'®12, |ts primary MOAs are through DNA intercalation,
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disruption of topoisomerase Il and generation of ROS through the intermediate doxorubicin-
semiquinone!®!2, This leads to DNA strand breaks and cellular damage leading to apoptosis and
autophagy'%'2, However, being non-targeted, toxicity is a major issue with patients exhibiting many

side effects including neurotoxicity, hepatotoxicity, nephrotoxicity, and dose limiting cardiotoxicity!®

112 cardiotoxicity presents as cardiac hypertrophy, and can present years after treatment!?,
Cardiotoxicity is suggested to be due to the reduced compound doxorubicinol which effects iron and
calcium regulation in addition to ion pumps in the sarcoplasmic reticulum and the mitochondria?%1,
While these can be alleviated with treatments such as metformin, this is a further increase to patient
treatment load with its own associated side effects'!!. Further, doxorubicin is also plagued by the

occurrence of resistance and inter-patient variation stemming from ABCB1, ABCC1 and other multi-

drug resistance transporters*'°,
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Figure 1-5: Examples of cytotoxic antibiotics approved for clinical use. a). doxorubicin. b). etoposide.

Another example is etoposide, a semi-synthetic derivative of podophyllotoxin from the Podophyllum
peltatum plant approved for use in 1966''*!4 Etoposide reversibly poisons the active site of
topoisomerase Il, preventing the second transesterification reaction which ligates DNA strands after
initial breakage, stalling repair and breaking the strand'*!14, Similar to doxorubicin, many side effects

are seen with etoposide treatment including alopecia, gastrointestinal toxicity, hypersensitivity,
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however myelosuppression is the dose limiting toxicity, potentially leading to the development of

113-

secondary acute myelocytic leukaemia®**?'>, Antiproliferative effects are also reduced by efflux and

deactivation methods similar to doxorubicin®*3.

Both compounds rely on the recruitment of topoisomerase Il. Meaning, these treatments are more
effective with co-treatment with a direct DNA damaging agent such as CDDP and in more aggressive
cancers with a faster cell cycle increasing topoisomerase Il activity!'*11%, However, the contrary is also
true, where tumours have low topoisomerase Il activity, DNA repair is faulty or cell replication is

slow/cells are in senescence, the activity of these complexes is diminished.

Moving away from DNA targeting non-specific agents, the microtubule targeting agents (MTAs) are
another highly effective family of compounds used against cancer preventing effective mitosis and
other key processes including structure maintenance, motility, and cellular trafficking!®. Due to their
success, they are the second most commonly used class of cytotoxic treatment!?’. MTAs are a highly
diverse group to match the wide variety of binding sites of microtubules available including vinca

alkaloids and taxanes''®

. Vinca alkaloids such as vinblastine (Figure 1-6a) were derived from
Catharanus roseus plant in the 1950s reversibly bind via non-covalent bonding to the vinca site of
microtubules, inducing a destabilising effect, preventing the formation of microtubules!'”!8, On the
contrary, taxanes such as paclitaxel (PTX, Figure 1-6b), derived from the Taxus brevifolia yew tree in
1992, bind to laulimalide/peloruside sites, stabilising the microtubule formation preventing
disassembly!'”18 The inhibition of assembly and disassembly activates the mitotic spindle checkpoint,
initiating mitotic arrest, mitotic slippage, mitotic catastrophe and apoptosis via Caspase 2/8/9118119,

Despite most treatments in this family targeting the microtubule, there is wide binding variation within

and across the categories of MTAs.
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Figure 1-6: Examples of microtubule targeting agents approved for clinical use. a). vinblastine, b).
paclitaxel (PTX).

Beneficially, MTAs are more effective at low concentrations, however toxicity is still an issue. MTAs
often induce the canonical chemotherapy symptoms similar to the other families previously discussed
including alopecia, nausea and vomiting and exhibit dose limiting neutropenia caused by
myelosuppression, and neurotoxicity caused by neuronal degeneration which can only be treated with
cessation of treatment!’120, MTA families are also subject to resistance in similar ways'?l. The main
mechanism of resistance is increased efflux via ABCB1 and ABCC3 through P-glycoprotein
recognition!!®, Resistance can also arise through tubulin unit mutations and increased detoxification
and compound efflux. While there have been attempts to mitigate efflux by developing semi synthetic
derivatives, their effectiveness in clinic has not yet been determined'??. There has been success with

albumin nanoparticles to improve solubility and cytotoxicity of PTX, gaining clinical approval for use in
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pancreatic and breast cancer, but otherwise, further modifications have been not been as

successful'??,

With the recent explosion in genomics research and the ability of sequencing to determine cancerous
mutations, so has the research into drugs to target those specific cancerous mutations. The two main
classes are small molecule inhibitors and monoclonal antibodies!?®. Small molecules inhibitors (target
protein-i) are considered to be the more dominant class and are characterised by their highly specific
structures and <900 Da weight to allow their use both on the surface and to allow for uptake to take
effect inside the cell with highly precise target binding?*. Some examples include gefitinib (EGFRi),
sorafenib (VEGFi), crizotinib (ALKi) and vemurafenib (V600E BRAFi)!%. These inhibitors work by
specifically and competitively binding to their target, preventing subsequent signalling of oncoproteins

and activation of tumour suppressor proteins.

Monoclonal antibodies are also commonly used targeted therapies but differ from small molecule
inhibitors significantly differ in terms of their mechanisms and modes of action. Due to the high weight
and size, antibodies are not commonly internalised and elicit their MOA on the cell cytoplasmic
membrane (CCM) by binding to receptors and signalling molecules?*. Example antibodies include
trastuzumab (anti-HER2), bevacizumab (anti-VEGFR) and cetuximab (anti-EGFR)**#!2>, Antibodies, once
bound to their target, disrupt cellular communications and interactions by blocking complement
proteins, attracting the immune system, inhibiting signalling and delivering any cargo attached to the

antibody to the cell to cause additional damage!?**.

These treatments boast the ability for increased effectiveness at treating cancer and decreased side-
effects versus their non-targeted counterparts yet, these treatments come with significant
drawbacks!®. Due to the highly specific nature of these treatments, they are only effective against one

target, vulnerable to treatment target mutations, and highly expensive to research and produce!?*124,
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While often posed to be safer than non-targeted treatments by having less side effects due to less

adverse target interactions, patients receiving targeted treatments can also experience side effects!?,

Targeted chemotherapy has been highly successful against lung and breast cancer with many viable
options for these!?>127128 However, this is not the case for all cancer types, including EOC. There has
been limited research in targeted therapy, likely due to the limited actionable targets as previously
discussed. There has been approved use of PARPi such as olaparib and niraparib due to the defective
BRCA1/2 pathways and the VEGFRi bevacizumab in the USA. Despite their approval, it has been
documented that there is no significant extension in overall survival, and extended survival by an
average of 7.8 months in late stage patients respectively with the use of PARPi?12%130 QOther interests
have been into immune checkpoint inhibitors through PD1/PDL1, and oestrogen receptor targeting,

but there have been no clinically significant results with response rates of less than 20%2%13%,

1-3.3: Current treatment regimens of EOC

According to the UK NICE guidelines for the treatment of ovarian cancer, stage | conditions should be
treated with surgery for resection by total hysterectomy or mono/bi lateral salpingo-oophorectomy
with lymph node assessment to rule out progression, with only high-risk patients receiving six cycles
of adjuvant carboplatin chemotherapy?’. For stage lI-IV patients, surgery is recommended with
neoadjuvant chemotherapy for macroscopy resection®. However, for second line treatments, there is
very limit treatment guidance other than the use of genetic screening and the use of PARPi as
previously described in appropriate cases®. The current chemotherapy standard of care is carboplatin
and PTX?>132133 Beyond this there is very little choice for alternate treatment for first line therapy
other than the use of CDDP for patients experiencing carboplatin toxicity and the use of pegylated
liposomal doxorubicin hydrochloride as a mono or combinational therapy with platinum treatment for
second line therapyl?9131132134135  Thage |imited treatment options in addition to there being no

significantly promising targeted therapy options demonstrate the need for alternative treatments.
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1-4: Metals in medicine

Trace metals are essential to life. They are intimately involved in a wide range of enzymatic reactions
such as metabolism, nucleotide synthesis, and redox catalysis, in addition to being relied upon in many
storage/transport roles'*®. Understanding the importance of metals in biology, attention has been
drawn to other d group metals for use in medicine. As shown by the anticancer treatments reviewed
above, the majority of pharmacological options are organic with a very small minority being metal
containing complexes, yet this has not hindered the interest of metals in the treatment of cancer3”/1%,
The use of metals in treatment stems back to the use of arsenic trioxide in potassium bicarbonate for
the treatment of leukaemia in the 1700s’%%3°. However, metals for the treatment of cancer were not
highly successful until the development of CDDP. Yet, due to the shortfalls of platinum complexes,
there has also been an abundance of research into alternative metals including rhenium, titanium,

osmium and iridium with varying structures, ligands and properties!®144,

This work will focus on the use of ruthenium. Ruthenium has been widely investigated in the treatment

of cancer due to a range of biological and chemical reasons including#>146:

e Being able to mimic iron and interact with many iron-using proteins/biochemical pathways
e Ruthenium complexes possessing innate prodrug qualities through slow ligand exchange
activation, limiting off target interaction
e Ruthenium complexes exhibiting similar binding kinetics to platinum complexes
e Often exhibiting reduced complex toxicity compared to platinum complexes
e Ruthenium complexes exhibiting differential DNA binding compared to platinum complexes
e Ruthenium complexes often exhibiting multiple and differential MOA to platinum complexes
e Ruthenium often not sharing limiting cross resistance with platinum complexes
From the current literature, four main complexes/families have been identified with significant

potential and substantially different behaviours.
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1-4.1: KP1019/1339

KP1019 and KP1339 are traditional octahedral Ru(lll) complexes originally developed from (ImH)[trans-
RuCls(Imidazole),] the Keppler group¥. KP1019 and KP1339 (Figure 1-7a) only differ in their cation
with KP1019 having a less soluble indazole and KP1339 having a more soluble sodium and have been
documented to have highly similar MOA*, The solubility limitations of KP1019 have led to the shift in
focus to KP1339 as maximum tolerated dose could not be reached in phase | clinical trials due to the
significant infusion volume required to provide doses over 600 mg**’. Following intravenous infusion
KP1019/1339 can bind to albumin and transferrin for transport in the blood through interaction with
site | and site 1l of albumin, then can be taken up by active transport through transferrin receptors#.
This allows a degree of specificity due to the upregulation of transferrin receptors on cancer cells to
satiate the increased need for iron'*°. KP1019 and KP1339 are considered to be prodrugs as following
uptake, they are reduced from Ru(lll) to Ru(ll) by the low pH and hypoxic tumour environment®>%1>2,
Following reduction, activation occurs similarly to CDDP with the aquation of two of the axial chlorine
ligands to water'#1531%% These chemical properties provide the KP complexes with additional layers

of specificity towards cancerous cells and the ability to prevent premature activation. However, they

can be deactivated by cellular GSH levels'*’.

Like many ruthenium complexes, KP1019 has been documented to have several MOA. The primary
MOA is to induce depolarisation of the mitochondrial membrane potential (AWm) and generate ROS
through the redox activity of the ruthenium centre>*. This causes the cell to undergo intrinsic
apoptosis through irreversible damage to the mitochondria, the release of cytochrome C, and Caspase
9/3/7 activation. However, other secondary MOA include the formation of monofunctional ruthenium
adducts inducing low level DNA crosslinking and unwinding have been demonstrated intracellularly
causing intrinsic apoptosis**”1>>, Additionally, KP1019 also prevented the formation of colony forming

units and tumour propagation short and long term?®°®,
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Figure 1-7: Structure of a). KP1019/1339 (KP1019 has an indazole counter ion while KP1339 has a
sodium counter ion, allowing for differences in solubility of the complexes). b). NAMI/NAMI-A
complexes (NAMI possesses a sodium counter ion while NAMI-A has an imidazole counter ion for
improved solubility).

KP1019 has performed successfully in in vivo murine studies being more effective and less variable
than the comparators CDDP and 5-fluorouracil®***’. Furthermore, the mice experienced low toxicity
and mild adverse effects such as erythropoiesis interference. Due to these promising results KP1019
successfully reached phase | clinical trial for several tumour types where over two trials, only mild
toxicity was reported and no dose limited toxicity was observed, pharmacokinetic properties such as

long half-life and low clearance were reported, in addition to disease stabilisation being observed®’1%8,

1-4.2: NAMI/NAMI-A

NAMI complexes (Figure 1-7b) were developed by the Alessio Sava research group, initially designed
as NAMI with a sodium counter ion. To improve synthesis, solid stability, physiochemical properties,
and solubility, the sodium was substituted with an imidazole counter ion and the complex named
NAMI-AY®, Similar to the KP1019/1339 complexes, NAMI-A is also a Ru(lll) traditional octahedral
complex, sharing similar intravenous transport bound to albumin and transferrin, and having a similar
activation mechanism of being reduced from Ru(lll) to Ru(ll) followed by aquation of two axial chloride
ligands!®3160-162 . NAMI-A is highly remarkable complex; despite being described as inactive in

antiproliferative screening with 1Cso values >500 uM, it has been highly effective in in vivo studies and
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metastatic studies'®®, This probed further interest into the MOA of NAMI-A. The primary MOA is
through the interference of the asPB; integrin, preventing fibronectin binding and FAK Try397
autophosphorylation!®. This is likely due to predominant interference with the B; unit shown by unit
expression assays, siRNA experimentations and additional reduced collagen IV binding to the a,B:
integrint®®164 Additional MOA include the inhibition of matrix metalloproteinases (MMP) 2 and 9,
cytoskeletal remodelling, Go/M arrest, VEGF induced angiogenesis inhibition, MAPK/ERK signalling
inhibition with limited DNA binding'*>1®, This has been documented to induce apoptosis via ERK1/2
downregulation, Hsp27 modulation, cytochrome C release, increase in Caspase 3 activity, and increase

in apoptotic cells identified by propidium iodide/annexin V flow cytometry analysis'®®%7,

Despite its inactivity against in antiproliferative screening, the benefits seen against secondary
tumours and in vivo study encouraged the progression of NAMI-A to clinical trial. In Phase | trials,
NAMI-A was successful with a dose suggestion of 300 mg/m?/day, with a range of side effects being
observed'®®, However, in a phase I/1l trial as part of a combination treatment with gemcitabine for non-
small cell lung cancer, the trial concluded that preliminary efficacy of NAMI-A was not convincing with
several side effects including sudden onset nausea, vomiting and diarrhoea, constipation, elevated
liver function tests and creatinine, fatigue, phlebitis at infusion, and vascular and portacath events,
though the latter were completely resolved with urokinase or portacath replacement!*. So, while
NAMI-A does have the potential as a clinical agent, a treatment for only metastasis is highly limited.
Therefore, next steps for NAMI-A have been to rebrand as an antimetastatic agent only and seek
optimal treatment combinations to treat both the primary and secondary masses while simultaneously

limiting toxicity.
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1-4.3: RAPTA complexes and monodentate ligand piano-stool

complexes

RAPTA complexes are pseudo-octahedral piano-stool Ru(ll) complexes, with stabilisation of the Ru(ll)
by the n® coordinated arene ring developed by the Dyson group'®. In contrast to the Ru(lll) complexes,
RAPTA complexes do not have to be reduced to be activated, but their labile chlorine ligands must be
aquated similar to CDDP and the Ru(lll) complexes’®. RAPTA-C was synthesised first, following which
several derivative complexes have been documented, however the primary derivatives differ in their
arene ring with naming derivatives based on their arene ring (C— p-Cymene, B — benzene, T —toluene)
(Figure 1-8)'°. The remarkable ligand of the RAPTA complexes is the 1,3,5-triaza-7-
phosphaadamantane (PTA) ligand being amphilic aiding the lipophilicity and hydrophilicity of these
complexes, assisting solubility'®. Interestingly, RAPTA complexes exhibit good antibiotic properties
against several bacterial strains, however the most promising candidate, RAPTA-C, has been
consistently documented to have low antiproliferative activity with 1Cs values varying from 60 to >300
UM in in vitro studies'’*4. However, in ex vivo and in vivo studies under optimal dosing conditions,
primary tumour and metastasis reduction was achieved with minimal toxicity of vomiting and alopecia
in mice although tumour apoptosis, necrosis and quiescence were observed!’®, Furthermore, highly
significant synergy can be achieved with the co-treatment the EGFRi erlotinib and the PI3K/mTOR

inhibitor BEZ-235 preventing proliferation and angiogenesis!’®.

R1_®_RZ Complex R! R2

| RAPTA-B H H
Ru N
c,/l ~ -"J‘R RAPTA-C  CH, CH(CH,),
al LNJ RAPTA-T H CH,

Figure 1-8: Structure of the predominant RAPTA complexes. RAPTA-B has a benzene arene, while
RAPTA-C has a p-cymene ring and RAPTA-T has a toluene ring altering their activity.
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The differences between in vitro and in vivo activity have been suggested to be due to the MOA of
RAPTA-C. RAPTA-C has been documented to bind to a variety of both extracellular and intracellular
proteins through the equated monodentate ligands forming coordination bonds with many plasma
and cellular proteins transferrin, albumin, GSH, lysozyme, ubiquitin, cytochrome C, superoxide
dismutase, PARP, metallothioneins and histones through nucleophilic attack!®*'’*177, Some DNA
binding has been documented causing DNA crosslinking, but similar to NAMI-A, this is a secondary
MOA and not corelated with potency and DNA damage is primarily through histone binding. Despite
being described as cytostatic, apoptosis has been described. This includes increase in p53, JNK, p21,
BAX, cytochrome Cand ROS, and a decrease in cyclin E and decrease in Procaspase 919172175 This |eads
to the induction of G,/M arrest and intrinsic apoptosis via the mitochondria and the p53-JNK
pathways!’®. These results show that RAPTA-C does have potential for clinical trials, however the issues
surrounding dosing with the high variation in response and resultant mechanisms with the change in

dose concentration need to be addressed beforehand”°.

1-4.4: RAED complexes and bidentate ligand piano-stool complexes

Similar to the RAPTA complexes, RAED complexes by the Sadler group are also Ru(ll) pseudo-
octahedral piano-stool complexes, but differ by overall charge, often possessing a bidentate ligand in
addition to the labile halogen monodentate ligand developed '”7. One of the first examples of this class
is RM175 (Figure 1-9). There is significant benefit of the bidentate ligand over monodentate ligands
due to the chelate effect, where bidentate and polydentate chelation have increased stability, are
substantially stronger, and are preferably formed”>!8, However, this also limits biomolecule adduct
formation, as the complex can only form monodentate adducts via the aquated ligand'’”’. However,
this does not affect the potency as RM175 has consistently demonstrated potent in vitro activity often
with low to moderate ICspvalues varying from 5 to 60 uM following 24 hours exposure in several cancer

cell lines including ovarian, breast and lung while maintaining specificity towards cancerous lines with
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concentrations needed to be a log higher to be toxic in normal hepatocytes!#®181-183 Thjs cytotoxicity
also translates into xenograft and in vivo models demonstrating good efficacy against the primary

tumour and metastatic lesions?#6:183:184,

ul

~

Ru
Cl/l SNH,
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Figure 1-9: Structure of RM175, one of the original bidentate ligand piano-stool complexes which has
inspired many subsequent complexes, including those in this work.

The efficacy of RM175 may be due to the differing MOA to the previous complexes. The primary MOA
of RM175 has been suggested to be the formation monofunctional ruthenium adducts on DNA,
primarily on Guanine-N7 though coordination bonding, which is then supported by hydrophobic and
non-covalent bonding of the arene ring intercalating with the DNA strand, in a non-cross resistant
method to CDDPY7:185718 \while this DNA interaction has only been noted in physiochemical studies,
it has been suggested that DNA damage does occur in vitro, causing the induction of death by apoptosis
through the p53-p21-BAX pathway with extent of DNA damage correlation with extent of cell death®®,
Secondary MOA through protein adducts have been observed with adducts to GSH and ubiquitin, but
protein binding is non-preferential due to monodentate binding?”’. Invasion through chemo- and
haptotaxis, and metastasis inhibition has also been observed through increasing fibronectin adhesion

and increase in MMP2 activity'®v.

RM175 has had many significant successes in in vitro and in vivo studies, however rather than push
towards clinical trials, interest has been directed towards structural changes to improve
pharmacokinetic and pharmacodynamic properties. One example was the changing of the metal

centre to osmium. This change maintained toxicity with an ICso value <10 uM with 72 hours exposure,
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however it was noted that the osmium complex exhibited much slower binding kinetics with DNA than
the ruthenium complex, but had several binding points including Guanine and Cytosine forming mono-
osmiated and di-osmiated adducts!®®1%191 Slower interaction kinetics have been associated with
decreased deactivation before interacting with DNA®, Other variations include ring substitutions from
biphenyl to p-cymene and tetrahydroanthracene. However, it was reported that the p-cymene
complex was marginally less cytotoxic than the biphenyl complex, but exhibited a similar MOA to
RM175 by binding to guanine in DNA as mono-ruthenated adducts and are also capable of non-
covalent, hydrophobic interaction with DNA, with increasing interaction corelating with
cytotoxicity'®>'%, Other ligands include the chain extension from ethylenediamine to N-ethyl
ethylenediamine, but very little difference between the cytotoxic activity in a variety of ovarian cancer
cell lines, and it was noted that that arene ring changes had a greater influence on cytotoxicity than

ligand extention®,

1-4.5: Other complexes of interest

Inspired by RM175 and its second-generation complexes, there was increased interest in alternative
metals and bidentate ligands. The primary metal of interest was osmium as a metal centre due to being
documented to react 100X slower in hydrolysis/aquation and biomolecule reactions than
ruthenium®#19_QOther ligands of interest was the use of azopyridine (AzPy) ligands due to their strong
pi-bond acidity, which stabilizes the oxidation state of the metal centre and their ability to catalyse the
conversion of GSH to GSSG'®'%’, From the interest in AzPy ligands developed an interest in
iminopyridine (ImPy) ligands due to the bioisosteric replacement of one nitrogen in the azo bond with
a carbon®®®. From these interests, several comparative antiproliferative studies and MOA studies have
been done with varying arene rings, monodentate halogen, and substitutions on the phenyl and
pyridine rings®”143198200 From these investigations, one complex of interest arose [Os(n%-p-cym)(AzPy-

NMe;)I]PFs, known as FY26. Following antiproliferative investigation by the Sanger Institute’s Cancer
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Genome Project treatment screening program in 809 cancer cell lines, FY26 exhibited significant
antiproliferative activity with a mean Glso of 0.75 uM, compared to CDDP with a mean Glso of 36.7
uM?°L, Biological evaluation found that the main MOA of FY26 was through ROS generation, GSH-GSSG
conversion, G; arrest, ROS generation, mitochondrial compromise, and DNA damage, making it a highly
effective multitargeting complex?°¥2%, but by apoptosis flow cytometry no increase was observed in
the apoptotic quadrants, yet a significant increase in the non-viable population indicating membrane
compromise without an apoptotic phenotype, therefore an alternative mechanism of cell death to
apoptosis?®. However, [Ru(n®-p-cym)(ImPy-NMe>)I]PFs which shares the dimethylamine phenyl ring

substituent has also been found to be highly potent despite more facile synthetic methods®’.
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1-5: Bioisosteres in drug development and design

In previous organometallic complex research, there is an attraction to more structurally complex
ligands from metal centres for several reasons. One reason for this is the ability to take advantage of
unique features of cancer cells to increase specificity, for example the addition of glucose derivatives
to a complex to increase uptake of the complex through the increased upregulation of GLUT receptors
on cancer cells and achieve significantly increased cell uptake of the complex and improved activity?®>-
207 A second reason is to improve or restore toxicity. This can be observed in ferrocifen, where the
conjugation of Tamoxifen-OH to a ferrocenyl group allows the complex to become effective against
breast cancer cells regardless of their Oestrogen receptor status where tamoxifen is only effective

207209 " A third reason is to

against Oestrogen positive receptors through ferrocifen’s redox activity
increase the MOA targets of the complex which can be seen by the ruthenium piano-stool with the

ciprofloxacin-derivative Cip-A bidentate ligand allowing the complex to have both improved anticancer

and antibiotic activity?°,

While logical these large changes make significant changes to the activity of a structure, small specific
changes can also have significantly profound effects. One example is the replacement of hydrogen with
fluoride of cladribine to make clofarabine (Figure 1-10). The addition of the fluorine allows for activity
against acute lymphoblastic leukaemia, while without it, cladribine is ineffective. Similarly, the addition
of fluoride to uracil to synthesise 5-fluorouracil allows for a highly potent anticancer treatment®,
These changes are known as bioisosteric replacements and are an essential tool in drug design.
Bioisosteric replacements are defined as similar functional groups or structures that exhibit analogous

structural, topological, electronic, physicochemical and biological properties?!1:212

. In practice this
definition is often not strictly applied as bioisosteric replacements and are often used to alter the
biological properties of a structure and achieve more desirable traits including improved MOA,

potency, toxicity/side effect profile, pharmacokinetics, metabolic stability and synthesis routes?'?12,
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Therefore, bioisosteres can also be defined as substitutions, atom/group replacements and
modifications to improve the desirable traits of a bioactive molecule. This means bioisosteres can
widely vary, subsequently there are different categories (Table 1-1)?11-21>, The variety of replacements

allows for highly precise molecule tuning, making a highly powerful tool in all areas of drug design.

HO

Figure 1-10: Example of bioisosteric replacement in small molecule drug design. a). cladribine. b).
clofarabine. With the bioisosteric replacement of hydrogen with a fluorine in these compounds,
there is a profound difference in activity where the latter is highly effective against acute lymphoid
leukaemia while the former is ineffective.

The effect of small bioisosteric replacements are also seen in organometallic complexes. As previously
mentioned, there has been a variety of piano-stool complexes based off RM175 varying their four main
moieties. With many ImPy and AzPy being synthesised, most derivatives alter in their monodentate
ligand, arene ring and substituents on the bidentate ligands. There have been many papers with series
of complexes comparing bioisosteric replacements highlighting several trends including improved
potency of iodo ligands over chloro ligands, that AzPy ligand containing complexes are more potent
than ImPy ones and that larger arene rings improve lipophilicity, uptake and prevent oxidation of the
ruthenium centre®”18219 However, several bioisosteric replacements and small modifications have
yet to be examined including methyl derivatives, extension of the ImPy ligand, and phenyl ring atom

variants.
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Table 1-1: The main categories of bioisosteric replacement used in drug design, being either
classical—- often substitution, or non-classical — where more complex transformations are often

employed.

Classical

Non-Classical

Monovalent

H > F, Cl, OH, CH,
Divalent

-CH,-> -NH-, -S-, -0O-
Trivalent

=CH- > =N-, =P-
Tetravalent

C>N* P*

Ring equivalents

0000

. Linear = Cyclic conversion

D =
*  Functional group substitution

Amide/Ester = di/triazoles
. Retroisosterism
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1-6: Aims and objectives

As small changes in molecular structure can cause significant differences in the activity of anticancer
complexes, bioisosteric replacements could be used to improve currently established chemical entities
and inform future design of second-generation treatments. Therefore, the aim of this work is to explore
the potential of different bioisosteric moieties to improve the anticancer potency and shift the MOA of
ruthenium piano-stool complexes. There will be focus on modifications of the phenyl ring in the ImPy

ligand of p-cymene complexes. Based on this, the following specific objectives can be drawn:

e To synthesise and characterise 19 ImPy molecules with capability of being bidentate ligands

e To synthesise and characterise three series of [Ru(n®-p-Cym)(ImPy)X]PFs complexes as
potential anticancer agents. Their physicochemical characterisation will be established using
techniques such as Nuclear Magnetic Resonance (NMR), mass spectrometry, UV-Vis
spectroscopy and Density Functional Theory (DFT) geometry optimisations

e To explore the anticancer activity of the complexes in tumour cell lines of different origins
including several EOC, non-small cell lung, triple negative breast, epithelial colon, and ductal
pancreatic cancers, as well as normal non-cancerous lung cells

e To determine suitable candidates in each series for further research in EOC based on potency
and chemical structure qualities

e In Chapter 3, the benefits of the methyl group bioisostere will be explored with further
experimentation into the MOA and mechanisms of cell death (MOD) activated paying
particular attention to apoptosis, ferroptosis and autophagy

e In Chapter 4, the advantage of using a methylene linker bioisostere will be investigated with
specific interest in the DNA strand and nuclear damage induced

e In Chapter 5, the effect of a singular atom substitution and the resultant shift in MOA will be

explored with further evaluation of the effect on the CCM including morphology and binding
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2-1: Materials

For chemical synthesis and analysis, all materials and solvents were purchased from commercial

sources including Thermo Fisher Scientific and Sigma-Aldrich and used without further modification or

purification unless otherwise specified.

For tissue culture maintenance, all media, supplements including foetal bovine serum (FBS),

penicillin/streptomycin (Pen/Strep) solution, Non-Essential Amino Acid (NEAA) solution, glutamine and

maintenance consumables including Phosphate Buffered Saline (PBS) and Trypsin/EDTA were all

purchased from commerecial sources including Gibco, Lonza and Sigma Aldrich.

Table 2-1: List of fluorescent stains and dyes used in this work, their excitation and emission
wavelengths required for detection, and their preperation details.

Stain

Excitation (Ex), Emission (Em)

Preparation

DAPI (4',6-Diamidino-2-
phenylindole)

Rh123 (Rhodamine 123)

DCFDA

(DiChlorodihydroFluorescein

DiAcetate)

Biotracker 490 green
membrane dye

JC1(5,5',6,6"-Tetrachloro-
11',3,3"-

tetraethylbenzimidazolylcar

bocyanine iodide)

Pl (Propidium lodide)

Cell Brite Red membrane

Gamma-H2A.X (Ser139)
Monoclonal Antibody
(CR55T33)

Ex: 345 nm, Em: 455 nm

Ex: 507 nm, Em: 529 nm

Ex: 504 nm, Em: 540 nm

Ex: 484 nm, Em: 501 nm

Monomer - Ex: 510 nm, Em: 527 nm
Dimer - Ex: 585 nm, Em: 590 nm

Ex: 530 nm, Em: 618 nm

Ex: 644 nm, Em: 665 nm
Ex: 482 nm, Em: 708 nm

From solid, prepared as a
1 mg/mL solution in DMSO

From solid, prepared as a
1 mg/mL solution in DMSO
From solid, prepared as a
1 mg/mL solution in DMSO

Purchaced ready to use

Purchaced ready to use

From solid, prepared as a
1 mg/mL solution in sterile
type | water

Purchaced ready to use

Purchaced ready to use
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Chemicals, comparator controls, and experimental consumables including test kits were obtained from
similar commercial sources. Fluorescent stains used in this work include 4’,6-Diamidino-2-phenylindole
(DAPI), Rhodamine 123 (Rh123), DiChlorodihydroFluorescein DiAcetate (DCFDA), Propidium lodide (Pl),
5,5',6,6'-Tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC1), biotracker 490 green
membrane dye, Cell Brite red membrane dye, and gamma-H2A.X (Ser139) monoclonal antibody
(CR55T33). Table 1-1 contains details of stock preparations and excitation and emission wavelengths of

each stain.
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2-2: Instrumentation

2-2.1: Nuclear Magnetic Resonance

All NMR were conducted using a Bruker 400 MHz NMR spectrometer with a 5 mm *H-13C DUL probe
and an Oxford Instruments 9.39 T magnet. Experimentation was carried out at room temperature. All
experiments were internally referenced to DMSO-ds at 2.5 ppm. *H spectra were ran with a scale up to
20 ppm and 3C spectra with a scale up to 200 ppm. For each imine ligand, a *H, *C and a Heteronuclear
Single Quantum Coherence (HSQC) experiment was done. For each complex a *H, *3C, H-'H COrrelated
SpectroscopY (COSY), HSQC and Heteronuclear Multiple Bond Correlation (HMBC) experiment was

done. Spectra were processed using Bruker TopSpin 4.4.1 (Bruker UK ltd).

For the ligands synthesised, NMR experimentation was used to confirm the formation of the imine
bond. For the complexes synthesised, NMR spectra were used to fully elucidate the structure of the

proposed complexes.

2-2.2: Electrospray ionisation mass spectroscopy

Low resolution positive electrospray ionisation mass spectroscopy (ESI-MS) analysis was done on both
the imine ligands and the ruthenium complexes using a Waters Xevo G2-XS analyser with samples
dissolved in acetonitrile:water or acetonitrile alone prepared, analysed, and reported out by the
Analytical Facility (Chemistry) at the University of Birmingham. Experimentation was run with a range

up to 2500 m/z.

2-2.3: Elemental analysis

Elemental analysis samples were prepared, analysed, and reported by the Analytical Facility

(Chemistry) at the University of Birmingham on the CE Instruments EA1110 elemental analyser.
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2-2.4: High performance liquid chromatography

Reverse-phase high performance liquid chromatography (HPLC) was done using the Agilent
Technologies 1260 Infinity Il (Agilent). Purity determination was assessed using the details in Table 2-2

with peak integration at 254 nm corresponding to percentage purity.

Table 2-2: HPLC specifications used for complex purity determination.

Specification Protocol Information
Column Discovery C18, 15 cm X 4.6 mm dimensions, 5 um particle size
A: 0.1% (v/v) trifluoracetic acid in water
Eluents : N o
B: 0.1% (v/v) trifluoracetic acid in acetonitrile
Flow Rate 1.0 mL/min
Injection volume 50 pL
Run time 35 minutes total

Diode Array Detector (DAD)
Detector Detection wavelengths: 210 nm and 254 nm
Reference wavelength: 360 nm

Sample preparation Complexes at 100 uM in 2.7% (v/v) DMSO in water

0 minutes = A: 90%, B: 10%
Mobile phase gradient 30 minutes =» A: 20%, B:80%
35 minutes = A: 90%, B: 10%

2-2.5: UV-Vis spectroscopy

Spectra for assay optimisation were collected on a Shimadzu UV-2600 UV-Vis spectrometer, using 1 cm
light window, spectra measuring between 200-900 nm at room temperature and analysed using UV

Probe (version 2.42) software (Shimadzu).
2-2.6: Colorimetric absorbance, fluorescence intensity and UV-Vis

spectroscopy analysis of 96-well plates

All colorimetric absorbance, UV-Vis spectroscopy and fluorescence measurements taken in a 96-well

plate format were done using a BMG Labtech Omega plate reader with Omega (v. 3.00 R2) and Mars
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(v. 2.41 build 12) software (BMG Labtech). Absorbance wavelength is specified per protocol.
Fluorescence intensity measured at Ex 330 nm Em 520 nm for blue probes, and Ex 485 nm Em 520 nm
for green probes. All UV-Vis wavelength were collected between 200 — 900 nm. Processing of the data

was then conducted using Microsoft Excel.

2-2.7: Fluorescence microscopy

All fluorescence microscopy was done on the EVOS XL Core Imaging System (Invitrogen) with
magnifications varying between 2X and 40X. Images were collected and formatted in Microsoft

PowerPoint. Stains and channels used in this work are shown in Table 2-1 and Table 2-3.

Table 2-3: EVOS XL Core Imaging System channels used in this study including channel name, colour,
excitation (Ex) and emission (Em) wavelengths boundaries achieved with each channel, and the
cellular stains and dyes used with each channel.

Filter Wavelength Stain

DAPI (blue) Ex: 357/44nm, Em: 447/60 nm DAPI

GFP (green) Ex: 482/25nm, Em: 524/24 nm Rh123
DCFDA
Biotracker 490 green membrane
dye

Texas Red (red) Ex: 585/29nm, Em: 628/32 nm PI
Cell Brite Red membrane

CY5 (dark red) Ex: 628/40nm, Em: 692/40 nm Gamma-H2A.X (Ser139)

Monoclonal Antibody (CR55T33)

2-2.8: Flow cytometry

Flow cytometry experiments were conducted on a Beckman Coulter CytoFLEX S using CytExpert
software at the Technology Hub Flow Cytometry core facility at the University of Birmingham. Laser
and filter information provided in Table 2-4. Subsequent data analysis was then preformed using FloJo

10.8.1 (FlowlJo LLC.) and Microsoft Excel.
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Table 2-4: Beckman Coulter CytoFLEX S lasers filters used in this study including filter name, colour,
excitation, and emission wavelengths boundaries achieved with each laser and filter, and the cellular
stains and dyes used with each filter.

Laser Filter Stain
Blue (488 nm) FITC (525/40 nm) Annexin V
JC1 — monomerised
Yellow (561 nm) PC5.5 (690/50 nm) Pl

Gamma-H2A X (Ser139)
Monoclonal Antibody (CR55T33)

Red (638 nm) PE DsRed (585/42 nm) JC1 — polymerised

2-3: Statistical testing

All statistical testing in this work was preformed using a Welch’s t-test comparing drug treated
populations against the corresponding negative control unless stated otherwise. Significance levels are

given as * for p<0.05, ** for p<0.01, and *** for p<0.001.
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2-4: Ligand and complex synthesis

A structure guide of the complexes and ligands is provided in Appendix I. Synthesis of the ligands
generally used the reaction shown in Scheme 2-1. Briefly, equimolar equivalents of an aniline derivative
and 2-pyridinecarboxaldehyde were mixed in 5 mL of acetonitrile overnight under stirring. From this,
the acetonitrile was removed by rotary evaporation and the crude product collected. This reaction is a
nucleophilic addition of the amine to the aldehyde, eliminating water, to produce the iminium ion,
which is then deprotonated to produce the final imine product. Specifics regarding individual ligand

synthesis is detailed in Appendix II.

|\ NH, \/@ SN NaG A
R// NG O |//
R

Scheme 2-1: Generalised reaction scheme for the synthesis of the bidentate iminopyridine ligands.
Where the addition to the different amine derivatives to 2-pyridinecarboxaldehyde results in the
formation of the ligand through nucleophilic addition.

Using the crude ligands produced following physiochemical characterisation, the complexes were
synthesised using the reaction shown in Scheme 2-2. Briefly, 1:2 equimolar concentrations of the
ruthenium dimer and crude ligand were mixed in 5 mL methanol and stirred overnight. To this,
ammonium hexafluorophosphate in excess was added and the reaction was left to stir again overnight.
The reaction mixture was then vacuum filtered and recrystalised using appropriate solvents including
diethyl ether or water producing a pure solid product. This reaction is a chelation reaction of the ligand
to the ruthenium centres of the dimer, replacing two monodentate chlorine groups with the bidentate
ligand driven by the chelate effect. This is followed by the anion replacement of CI by PFs’, which allows
for the precipitation of the complexes by forced molecular ordering. Specifics regarding individual

complex synthesis are detailed in their respective chapters.
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Scheme 2-2: Generalised reaction scheme for the synthesis of the complexes used in this study. The
bidentate ligands are combined with the p-cymene ruthenium dimers in a chelation reaction,
resulting in the formation of the complexes with a chlorine counter ion. The addition of ammonium
hexafluorophosphate to this allows the precipitation of a solid complex which can be recrystallized
for further analysis/biological studies.
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2-5: Physiochemical characterisation

2-5.1: LogD at pH 7.4

To determine the lipophilicity of the compounds synthesised here and due to the ionisable nature of
several of the compounds, LogD+.4 was determined at physiologically relevant pH via the ‘shake-flask’

method and UV-Vis spectroscopy.

A solution of n-Octanol saturated with PBS (O-PBS) and a solution of PBS saturated with n-Octanol (PBS-
0) were made by mixing 72 mL of both in a flask for 4 days until a saturated equilibrium was reached,
then the aqueous PBS-O layer and the organic O-PBS layers were separated. 1.0 mg of each complex
was dissolved in 1.5 mL of PBS-O to saturate the PBS-O solution with complex, any residual complex
was filtered out using a 0.2 um syringe filter. 500 pL of drug saturated PBS-O solution was mixed with
500 pL O-PBS and shaken for 24 hours. Following this, the aqueous PBS-O layer was removed. Both the
aqueous layer before shaking with O-PBS and the aqueous layer after shaking with O-PBS were tested.
100 pl of sample was aliquoted per well in a 96 well plate allowing for triplicate testing. UV-Vis spectra
were collected from 220 to 900 nm, and the data was processed in Microsoft Excel. Negative controls
were both the PBS-O before shaking and post shaking without any complex. From the spectra data,
Equation 2-1a and b were used to determine the ratio of complex in the organic and aqueous layers

and the LogD.4 for each complex.

Equation 2-1: Equations used to calculate LogD7.4 in this work. a). for the calculation of the
concentration of complex in the organic layer and b). for the calculation of the LogD7..

a)- [Complex]arganic = [Complex]in PBS — [Complex]aqueous

[Complex] orgam’c)

b) LogD74 N Log ([Complex]aqueous
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2-5.2: Analytical stability in biologically relevant matrixes

Optimisation of analytical conditions for stability studies including the concentrations of the complexes
and human plasma (Sigma) were conducted on the Shimadzu UV-2600 UV-Vis spectrometer with
dilutions done in PBS. ctDNA purity was determined by 260/280 before each experiment with a
minimum ratio of 1.8 to ensure samples were protein free. Final concentrations of ctDNA used was 0.5
mg/mL in 5% methanol in PBS and plasma was diluted 1:500 in PBS. Complex concentrations were
chosen to be proportional to the absorption of ctDNA and plasma at 0.50-1.00 Abs., rounded to 100,
150 or 200 uM diluted in PBS. Final experimentation was done with a total volume of 200 pL with a
matrix concentration of with 100, 150 or 200 uM, to be in a 1:1 ratio with the complex being tested in
PBS with <5% (v/v) DMSO. Matrixes tested include 1:1 water to PBS, PBS, GSH, Bovine Serum Albumin
(BSA), RPMI-1640, full RPMI-1640, PBS, 5% (v/v) NEAA in PBS, ctDNA and human plasma. Interaction
of the complexes with water was done with the complexes in 5% (v/v) DMSO in water at 200 uM of

complex. Interaction with DMSO was done with the complexes in 100% DMSO at 200 uM of complex.

Data was collected in a 96 well plate format with six replicates for each matrix. UV-Vis spectra was
collected from 220 to 900 nm at 0 hour and 24 hours. The data was processed in Microsoft Excel to
determine if any isosbestic points are present. Water was used as negative control for each matrix, with

a minimum of eight replicates.

2-5.3: Density Functional Theory of the ruthenium complexes

DFT geometry optimisations were done by Dr James Coverdale. Optimizations were carried out in the
gas phase using Gaussian 09 using previously reported crystallographic data on Ru(ll) p-cymene
azopyridine complex CCDC 616620 as a starting input, with structural modifications made using
GaussView 16 (Gaussian 16, Wallingford CT, 2016)*. Calculations were carried out using the hybrid
Perdew-Burke-Ernzerhof functional with the Lanl2DZ (effective core potential for Ru) and 6-31+G** (all

other atoms) basis sets?™. True energy minima were confirmed by the lack of imaginary values in
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vibrational mode calculations. From these calculations, required data was extrapolated including bond

lengths, electron density and substituent rotations.
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2-6: Cellular studies for cytotoxicity and mode of action

2-6.1: Cell maintenance

Cell lines used in this work are A2780, A549, UFH001, MIAPaCa, PEA1, PEA2, SKOV3, HCT116 p53+/+,
HCT116 p53-/- and MRCS5, details of which are in Table 2-5. A2780, A549, UFHO01, PEA1, PEA2, SKOV3,
HCT116 p53+/+, HCT116 p53-/- and MRC5 were purchased from the European Collection of
Authenticated Cell Cultures (ECACC) or American Type Culture Collection (ATCC). MIAPaCa were kindly
provided by Dr Marium Rana from the Institute of Biosciences at the University of Birmingham. Cells
were maintained as adherent monolayers in their respective media at 37.5°C at 5% CO; humidified
atmosphere. Cells were passaged at 70-90% confluence twice a week. All media variations were
supplemented with 10% (v/v) FBS and 1% (v/v) 10,000 unit/mL penicillin/streptomycin solution.

Additional supplements were added to media for UFHO01 and MIAPaCa as detailed in Table 2-5.
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Table 2-5: Cell lines used in this work detailing the cell type, media base and any supplementation to

the media.
Cell line Cell type Media Media Supplementation
A2780 Ovarian RPMI-1640 10% FBS, 1% Pen/Strep
adenocarcinoma
SKOoV3 Ovarian RPMI-1640 10% FBS, 1% Pen/Strep
adenocarcinoma
PEA1 Ovarian RPMI-1640 10% FBS, 1% Pen/Strep
adenocarcinoma
PEA2 Ovarian RPMI-1640 10% FBS, 1% Pen/Strep
adenocarcinoma
A549 Lung alveolar type I RPMI-1640 10% FBS, 1% Pen/Strep
adenocarcinoma
HCT116 p53+/+ Colorectal carcinoma, RPMI-1640 10% FBS, 1% Pen/Strep
known p53 positive
HCT116 p53-/- Colorectal carcinoma, RPMI-1640 10% FBS, 1% Pen/Strep
known p53 negative
UFHO001 Triple negative CAIX+ DMEM (High 10% FBS, 1% Pen/Strep, 1%
breast glucose, without NEAA, 0.14 mM sodium
pyruvate) pyruvate
MIAPaCa Adherent pancreatic DMEM (High 10% FBS, 1% Pen/Strep and
carcinoma glucose, without 1% NEAA
pyruvate)
MRC5 Adherent foetal lung DMEM (High 10% FBS, 1% Pen/Strep
fibroblast glucose, with
pyruvate)

2-6.2: In vitro antiproliferative activity of complexes

Antiproliferative activity for all complexes was determined using the MTT assay.

96 well plates were seeded with 5X10° cells in 200 pL of media and incubated for 48 hours. The media
was then removed, and the plates treated with either fresh media as a negative control, CDDP or
complex concentrations ranging between 0.01 and 200 puM. Other comparator treatments including
PTX ranges were used with appropriate six-point concentration dilutions. All drug concentrations were
diluted from a freshly prepared DMSO-media stock with a final DMSO concentration <2.5% (v/v). Cells
were exposed to treatment for 24 hours, after which treatment was replaced with fresh media and

allowed 72 hours recovery. Following recovery, MTT assay was done by adding 50 pL of 1 mg/mL MTT
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solution in PBS and incubated for 4 hours at 37.5°C. The MTT/media solution was then removed, and
the formazan crystals formed were dissolved by addition of 100 uL of propanol to each well and shaken
on a slow rolling belly dancer until fully dissolved. Formazan formation was measured via absorbance
at 570 nm. Experiment was done with duplicate of triplicate repeats. From this ICso values were

calculated for each complex using Sigma plot 14.5 (Systat software inc., 2020).
2-6.3: Fluorescence microscopy for mitochondrial polarisation,

membrane integrity, nuclear morphology and ROS generation

Fluorescence microscopy for AWm polarisation, CCM integrity, nuclear morphology and ROS generation
were conducted by seeding 24 well plates with 3X10* SKOV3 or 4X10* A2780 cells in 24 well plates and
incubated for 24 hours. Following incubation, cells were treated with 500 pL of equipotent treatment
concentrations for 24 hours in triplicate. ROS generation had additional positive controls of 1 mM
hydrogen peroxide or 0.7 mM Luperox for two hours. Following treatment, cells were washed with PBS
and stained for 45 minutes with 480 uL of 1% (v/v) 4’,6-diamidino-2-phenylindole (DAPI), 1% (v/v)
Propidium lodide (PI) and 1% (v/v) Rhodamine123 (Rh123) in media for nuclear morphology, CCM
integrity and AWm depolarisation or 480 uL of 1% (v/v) 4',6-diamidino-2-phenylindole (DAPI), 1% (v/v)
Propidium lodide (Pl) and 1% (v/v) dichlorodihydrofluorescein diacetate (DCFDA) in media for ROS
generation. Following staining cells were washed a minimum of three times with PBS and imaged on

the EVOS XL Core Imaging System (Invitrogen).
2-6.4: Fluorescence intensity for mitochondrial depolarisation and

ROS generation

Fluorescence intensity for AWm polarisation and ROS generation were conducted by seeding black
bottom 96 well plates with 1X10* SKOV3 or A2780 and incubated for 24 hours. Following incubation,

cells were treated with 200 uL of equipotent treatment concentrations for 24 hours with a minimum
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of six replicates. ROS generation had additional positive controls of 1 mM hydrogen peroxide or 0.7
mM Luperox for two hours. Following treatment, cells were washed with PBS and stained for 45
minutes with 200 pL of (v/v) Rh123 in media for AWm depolarisation or 200 pL 1% (v/v) DCFDA in media
for ROS generation. Following staining cells were washed with PBS and green fluorescence intensity
measured. Crystal violet protein content was then determined by staining cells with 50 pL of 1 mg/mL
crystal violet in 80% methanol for 30 minutes at 4°C. The plate was then washed with water, the crystal
violet dissolved in 200 pL 10% (v/v) acetic acid in propanol per well, 100 uL was transferred to a clear
96 well plate and absorbance measured at 590 nm. Fluorescence intensity was normalised by crystal

violet protein content and analysed in Microsoft Excel.

2-6.5: Wound healing assay

SKOV3 cells were seeded in 12 well plates with 8X10* cells and incubated for 48 hours. The monolayer
was then wounded with a 5 mL pipette tip with 1 wound per well and cells drugged with 1 mL of
equipotent treatment in quadruplicate. A2780 cells were seeded in 24 well plates with 6X10* cells per
well and incubated for 24 hours. Cells were then wounded with a 1000 pL tip with 2 wounds per well
and drugged with 500 pL of treatment in triplicate. Following 24 hours exposure, cells were washed,
media replaced with full media and incubated for a further 72 hours. Following recovery time, cells
were stained with 1 mg/mL crystal violet in 80% (v/v) methanol in PBS for 30 minutes. Following

staining cells were washed with water.

Images of the wounds were taken on the EVOS at t=0 when monolayer was wounded, t=24 following
24 hours of treatment exposure and t=24+72 following 72 hours of recovery time. Wound widths were

measured using the measure feature in Fiji and analysed in Microsoft Excel®.
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2-6.6: Colony formation assay

Protocol was adapted from Franken et al for colony formation immediately following treatment’. A 6
well plate was seeded with 5X10* cells and incubated for 48 hours. Cells were then drugged
equipotently with 2 mL of treatment and exposed for 24 hours. Following treatment, supernatant was
removed, cells were washed with PBS and trypsinised to form a single cell suspension (SCS). The SCS
was counted and diluted accordingly to single cell dilutions (SCD) to seed 500 cells per 2 mL in a 6 well
plate with each treatment in triplicate for SKOV3 or sextuplicate for A2780. Cells were then incubated
for 7 days after which the colonies were stained and fixed with 1 mL of 1 mg/mL crystal violet in 80%
(v/v) methanol in PBS. Colonies were imaged at 1X magnification and on the EVOS XL Core Imaging

System at 4X to determine number of colonies and colony density respectively using Fiji®.

2-6.7: Cell cycle arrest

In a 6 well plates, 6.5X10° SKOV3 or 1X10° A2780 cells were seeded and incubated for 24 hours. Cells
were drugged with 2 mL of treatment in triplicate and in addition to staurosporine (STS) at 1 uM in
SKOV3 or 0.1 uM in A2780 as a positive control. Cells were exposed for 24 hours after which the drug
media was removed and discarded. The cells were washed with PBS and trypsinised with 0.5 mL then
qguenched with 1mL of media, and this resulting SCS was transferred into 5 mL tubes and centrifuged
for 5 minutes at 1000 RPM. The supernatant was removed and discarded, and the pellet was
resuspended in 1 mL of cold 80% (v/v) methanol in PBS and the cells were allowed to fix on ice for 1
hour. Following fixation, the SCS was centrifuged for 5 minutes at 1000 RPM, and the supernatant
removed. The pellet was washed in PBS and centrifuged again, with the supernatant being discarded.
480 pL of stain was then added per sample consisting of 10% (v/v) Pl and 15% (v/v) RNase in PBS and
allowed to stain at room temperature for 30 minutes in the dark. Once stained, the samples were
centrifuged for 5 minutes at 1000 RPM, the supernatant was removed, and the pellet washed once in

PBS before being suspended in suspended in 500 uL of PBS. These samples were then analysed by flow
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cytometry. Subsequent analysis was then preformed using the cell cycle analysis feature in FloJo 10.8.1

(FlowJo LLC.).
2-6.8: Apoptosis assay

In a 6 well plates, 6.5X10° SKOV3 or 1X10° A2780 cells were seeded and incubated for 24 hours. Cells
were drugged with 2 mL of treatment in triplicate, in addition, STS at 1 uM in SKOV3 or 0. 1 uM in
A2780 was used as a positive control, with three additional STS treated samples as compensation
controls. Cells were exposed for 24 hours after which the media was transferred into a 15 mL Falcon
tube. The adherent cells were washed with PBS and trypsinised with 0.5 mL then quenched with ImL
of media, and this resulting SCS and all previous washes were added to the removed supernatant
centrifuged for 5 minutes at 1000 RPM. The supernatant was removed and discarded, and the pellet
was resuspended in 480 pL of Annexin V binding buffer with 1% (v/v) Pl and 1% (v/v) Annexin V-FITC in
addition to single channel staining for compensation purposes. Cells were stained at room temperature
for 45 minutes in the dark. Samples were then centrifuged for 5 minutes at 1000 RPM, the supernatant
was removed, and the pellet suspended in 500 pL of PBS. These samples were then analysed by flow

cytometry.

2-6.9: Protein content by Bradford assay

Protein standard was made up to 2 mg/mL and serially diluted to 1.4, 1, 0.75, 0.5, 0.25 mg/mL with
lysis buffer used as a 0 mg/mL value for the protein concentration standard curve. Cell lysate collection
is detailed in respective chapters and lysates were diluted in PBS if required to fall in analytical range
of the assay. The Bradford assay was ran in a 96 well plate format using 5 pL of diluted sample in 250
uL of Bradford solution per well. Each sample was ran in triplicate. After mixing, the plate was shaken
for 5 minutes and incubated for 30 minutes. Absorbance was measured at 595 nm, from which data

was exported to excel where protein concentration was calculated from the linear standard curve.
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2-6.10: Caspase 3/7 activity

Caspase 3/7 activity was preformed using the Amplite caspase 3/7 activity kit (cat. no. 13507, AAT
Bioquest) per manufacturer’s instructions from step 3 due to cell lysate being collected previously
(lysate collection detailed in respective chapters). Absorbance was exported to excel and normalised

by protein content determined by Bradford assay to determine Caspase 3/7 activity.

2-6.11: Cellular membrane morphology

Fluorescence microscopy was conducted by seeding 24 well plates with 3X10* SKOV3 or 4X10* A2780
cells and incubated for 24 hours. Cells were drugged equipotently for 24 hours in triplicate. Following
treatment exposure, cells were washed with PBS and stained with 500 pL of 1% (v/v) DAPI and 1% (v/v)
Cell Brite Red membrane dye in 80% (v/v) methanol in PBS for 30 minutes at 37°C, following which cells

were washed with PBS and imaged at 40X magnification on the EVOS XL Core Imaging System.

2-6.12: Spheroid assay

A2780 cells were seeded at 5X10° cells in 250 pL per well in round bottom, repellent surface 96 well
plates and incubated for 5 days until spheroids were developed. Following spheroid development, cells
were drugged equipotently with eight replicates per treatment, then incubated for 24 hours exposure.
Following exposure, cells were fixed with 2% (v/v) formaldehyde and imaged on the EVOS FL imaging
system at 2X magnification. Spheroid area was measured using FUJI and data analysed in Microsoft

Excel®.

2-6.13: Inductively Coupled Plasma-Mass Spectroscopy

Cells were seeded at 4X10° cells per p100 dishes and incubated for 24 hours. Following which cells
were treated equipotently in triplicate. For total metal accumulation and metal distribution, cells were
exposed for 24 hours at 37°C. After exposure cells were washed with PBS, trypsinised and quenched

with media to a 7 mL SCS. This SCS was counted, and cells per 1 mL was noted for biological
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normalisation. 6 mL of SCS was taken and centrifuged at 1000 RPM for 5 minutes, the supernatant was
removed, the pellet was washed in 1 mL of PBS and centrifuged again. The supernatant was removed

and frozen at -20°C until digestion.

All samples were digested using nitric acid. Firstly, after samples were defrosted, they were centrifuged
at 13400 RPM for 2 minutes, to which 200 pL of 72% (v/v) ultrapure nitric acid was added. The samples
were then heated to 60°C overnight. Samples were then allowed to cool, and the entire samples were

transferred to a new fully labelled 15 mL falcon tube of 3.8 mL with ultrapure type | water.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was performed by Dr James P. C. Coverdale
at the University of Warwick on the Agilent 7900 series ICP-MS with data collected and analysed using
MassHunter 4.4 (Version C.01.04, build 544.8). Briefly the analyser was calibrated using certified
reference standards of °’Ru and '*Pt (1000 ppm) at concentrations of 0, 0.1, 0.25, 0.5, 1, 2.5, 5, 10,
25, 50, 100, 250, 500, 1000 ppb with an internal calibration to *®Er. Samples were then run in no gas
mode and results collected in ppb. From this metal content was normalised by cell count with metal
content expressed as femtograms per cells. For fractional results, samples were normalised by total

uptake and expressed as a percentage with raw values as fmol/cell given in Appendix lIl.
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Chapter 3 - Methyl Bioisosteres

Mode Of Action And Mechanisms Of Cell Death
Induced By Methyl Group Bioisosteric
Replacements In The Iminopyridine Ligand Of

Ruthenium Piano-Stool Complexes
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3-1: Introduction

3-1.1: Mechanisms of cell death

Cellular death is the irreversible stopping of biochemical processes in response to age, disease,
exogenous substances, or injury, and is the end point of all cells’. Cytotoxic treatments specifically
induce cell death through a diverse range of MOA targeting a variety of pathways. These MOA then

converge into specific mechanisms of cell death (MOD) shown in Figure 3-1%.

There are three main groups of cell death!?2. Type | — apoptotic-like death which has canonical features
of cytoplasmic shrinkage, chromatin condensation, nuclear fragmentation, and CCM blebbing into the
formation of smaller apoptotic bodies!. These features come from internal signals such as DNA or
mitochondrial damage which leads to the activation of Caspase 9 to initiate intrinsic apoptosis or
external signals through death receptors to FADD or TRADD to Caspase 8 to initiate extrinsic
apoptosis®. Caspase 9 or 8 then can go on to cleave the effector pro-Caspase 3 through the DEVD motif,
activating it, which goes onto cleave other proteins such as ICAD and ROCK1 which induce chromatin
condensation and fragmentation, cell shrinkage and actinomycin contraction, leading to cell
contraction outward blebbing formation apoptotic bodies to be endocytosed by leukocytes and other

local cells*.

The second group is type Il - Non-apoptotic-like death that has features of cytoplasmic vacuolization
followed by lysosomal degradation or phagocytosis. Induction and mechanisms are far more varied
than type | with a diverse selection of mechanisms involving origins in vacuoles, mitochondria,
detoxification system failures or immune responses®. However, type Il is mainly based on intercellular
system/signalling damage and failure, causing death without canonical apoptotic systems being
involved. This is seen by autophagy which can be on a macro, micro or mitochondrial only scale where

cells sequester damaged proteins and organelles into lysosomes for protein recycling when there is
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damage or starvation®. From this, if damage is too extensive, mass recycling is initiated, leading to
cellular recycling and blebbing which can be phagocytosed by the immune system or endocytosed by
surrounding cells for materials. However other types of controlled cell death are included which share
features with type Il cell death such as necroptosis where after imitation of intrinsic apoptosis there
is inhibition of Caspase 8 activation leading to RIPK3 activation and MLKL phosphorylation and

oligomerisation, causing the formation of pores in the CCM and death®.

Parthanatosis Mitoptosis

Entosis

G083 Ferroptosis

Autophagy
NEtosis

Necroptosis .
Pyroptosis

Death
Mechanisms

Anoikis

Necrosis

Apoptosis

Intrinsic Extrinsic
Figure 3-1: The main three categorises of death mechanisms used by cells; programmed apoptotic,
programmed non-apoptotic, and non-programmed cell death, in addition to further subsequent

types within each category®. Despite these main groupings, some mechanisms of cell death do have
overlapping mechanistic features between these main groups.

Type lll death is unique as it only encompasses uncontrolled death and is often sudden, so very little

signalling is involved. Necrosis is initiated by external damage such as physical injury, heat, hypoxia
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and xenobiotics, however necrosis has also been documented to be induced by extremely low levels
of ATP>’. Therefore, necrosis is often instantaneous, meaning rather than being a process of death, it
is the end point state of the cell, characterised by cellular swelling, karyolyis, karyorrhexis, CCM leakage

and inflammation signalling®.

Cytotoxic treatments aim for type | and type Il MOD as they are well understood, controlled, regulated
forms of death to prevent further damage to the surrounding area and upregulation of inflammation
response. However, this is a double-edged tactic due to cancer cells often being intrinsically resistant
to apoptosis as a recognised hallmark of cancer®!®. This is a recognised flaw in the design of
chemotherapy, and new treatment design is moving focus to other or multiple mechanisms of death

to evade innate apoptosis resistance.

3-1.2: Mechanisms of cell death by organometallic complexes

Ruthenium co-ordination complexes can activate a range of MOA. For example, RM175 is documented
to intercalate with DNA, induce AWm depolarisation, and generate ROS in addition to several other
mechanisms to induce apoptosis!’. These mechanisms go on to cause apoptosis in a p53 and BAX
dependant manner!2, RAPTA-C and other derivative complexes can also induce apoptosis through
oxidative stress and the inhibition of JNK pathways'®. To mitigate issues around apoptosis targeting
and intrinsic inhibition contradiction, treatments can be designed to use a variety of MOA leading to a
different or multifrontal MOD such as those shown in Figure 3-2. IrFN (Figure 3-2a) initiates ferroptotic
death through mitochondrial localisation, proteomic alterations, increased expression of HMO1X
resulting in the generation of ROS, lipid peroxidation and death which is inhibited with the co-
treatment of the ferroptosis inhibitor ferrostatin (Fer-1)**. RuSora (Figure 3-2b) possesses a dual MOD
by utilising apoptosis and ferroptosis shown by the presentation of phospholipid phosphatidylserine
external CCM during apoptosis, but also the increase of ROS, GSH depletion, decreased GPX4

expression and lipid peroxidation which was prevented with Fer-1>. Other MOD include autophagy as
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induced by A-WHO0402 (Figure 3-2c), evident by the increase of Belcin-1 expression, conversion of LC3-
| to LC3-ll and decreased NAF-1 expression, decreased Bcl-2-Belcin-1 binding preventing Belcin-1
deactivation and an increase of autophagosomes and autolysosomes®. ToThyRu (Figure 3-2d), a
nucleolytic derivative from the ineffective AziRu, also can initiate a dual MOD by exhibiting intrinsic
apoptosis by the increase of Caspase 9, Caspase 3, Bax and decrease of Bcl-2 for apoptosis, but also

autophagy by the increase of autolysosomes seen in late-stage autophagy?’.
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Figure 3-2: Examples of organometallic complexes which used alternative mechanisms to apoptosis
to induce cell death. a). IrFN, b). RuSora, c). by A-WHO0402, d). ToThyRu.

Yet, not all co-ordination complexes that are effective against cancer induce cell death. Several
ruthenium complexes have cytostatic MOA, where the treatment arrests cell growth and proliferation
without killing the cell, such as those shown in Figure 3-3. [(n®-p-cymene)Ru(2-hydroxyisoquinoline-3-

(2H)-thionato)Cl] inhibits growth with potencies comparable to CDDP, however MOA testing
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demonstrated no specific mechanisms bar G; arrest in conjunction with inhibition of wound healing
and reduction of colony formation®. In cells treated with RAPTA complexes such as RAPTA-C,
cytotoxicity has been documented to vary in apoptotic/cytostatic being concentration dependant due
to having high ICsoconcentrations, no cell cycle arrest and not showing apoptosis through western plot
assays at lower concentrations, however DNA interaction forming DNA bridges has been documented
along with significant reduction in tumour size and metastasis formation in in vivo models!%1%2,
Helicate complexes such as VR54 and [Ru(dppz)2(21p-HPIP)]* have also been documented to be
cytostatic due to not inducing apoptosis, subsequent Caspase 3 activity or other MOD like necrosis,
however, G; arrest is induced by both complexes?'?2, Cytostatic treatments often benefit from being
more effective at lower doses than the maximal dosages leading to less side effects as seen by RAPTA-
C, but also benefit patients to be able to undergo progression-free survival where a curative treatment
may not be an option?>%, Cytostatic agents can also lead to a more vulnerable state in cancer cells and
the availability to give lower doses of treatments and improved responses to cytotoxic therapies as
seen by [Ru(dppz).(p-HPIP)]** when co-treated with the CHK1 inhibitor CHIR-124 at nanomolar

concentrations??.
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Figure 3-3: Complexes that are cytostatic and inhibit further cell proliferation. a). [(n%-p-
Cymene)Ru(2-hydroxyisoquinoline-3-(2H)-thionato)Cl], b). RAPTA-C, c). VR54, d). [Ru(dppz).(21p-
HPIP)]*.

3-1.3: Methyl bioisosteres

Smart design of complexes encourages the development of highly intricate structures with several
moieties, each with a specific function. This can lead to limited exploration into complexes with less
complicated modifications from a core structure. One such modification is the addition of methyl
groups and alkyl derivatives. Methyl substitutions are one of the smallest bioisosteric replacements
employed in pharmaceutical design, with the ability to have a high impact on a structure’s chemical
and biological properties. These properties include effecting electrical structure, lipophilicity, entropy
and water interactions while only adding 14 g/mol to overall molecular weight if substituting a
hydrogen?*. This is exemplified by benzene and toluene where the addition of a methyl increases
molecular weight from 78.11 g/mol to 82.14 g/mol while increasing clogP by ~0.5 from 2.03 to 2.52%.
Differences can be so profound, it has been dubbed the ‘magic methyl effect’. The addition of a methyl
can significantly improve potency due to conformational, energetic, metabolic and hydrophilic

interaction changes, sometime leading to 1000-fold improvements in activity?®. This effect has been
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demonstrated by many drugs, including the Bcr-Abl inhibitor imatinib for chronic myeloid leukaemia,
in which the methyl group promotes rotation around the pyridinyl-pyrimidine group enhancing

227 The effect has also been demonstrated in

interactions with the Bcr-Abl active site
organoruthenium, organorhenium, and organoiridium complexes containing benzoyl thiourea
derivatives 2. In these complexes, addition of a methyl group increased potency by >2X, with para
substitution being more effective than ortho. Additionally, the position of the methyl substitution also

effected chelating properties of the ligand leading to the synthesis of a ionic complex with a bidentate

ligand with a para methyl group or neutral structure with a monodentate ligand with an ortho methyl.

Thus far, there has been some investigation into the use of methyl derivatives, however these
instances are in Pt(IV) and Ru(ll) complexes with monodentate ligands?*=!. One key example similar to
the complexes synthesised in this work was explored by Fu et al in similar osmium complexes32-34, This
methyl modification was used to assign isomerism and determine catalytic potential differences
between differing isomers. Limited comparable biological screening of with and without the presence
of the chiral carbon in A2780 was conducted, only covering antiproliferative activity. While potency
did improve with the use of the methyl group, the methylated complexes also included a alkyl spacer

which can also be highly effective at improving potency3*3,

Previous work using imine bidentate ligands in ruthenium piano stool complexes has been
predominantly focused on the other functional group substitutions including hydroxyl, carboxyl and
dimethylamine3>3%, These complexes were found to have varying activity in A2780 EOC, with
unsubstituted complexes exhibiting the highest 1Cso values by sulforhodamine B assay. This was
followed by carboxyl complexes, then hydroxyl complexes, with dimethyl amine complexes being the
most potent®. Following antiproliferative screening, the dimethylamine complexes were evaluated
further by cellular accumulation followed by biological activity of the complexes including DNA
replication inhibition, cell cycle arrest, requirement of p53, and GSH detoxification mechanisms. There

was an increased focus on the use dimethylamine group due significant potency in both ImPy
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complexes and in AzPy complexes®® 3773, This has inadvertently limited the investigation into other
functional groups by increasing focus on the dimethyl amine group. the use of a methyl group as a
phenyl ring substituent. Additionally, for these ImPy complexes regarding MOD, only Caspase 3 activity
and apoptosis induction was investigated3. Noting the range of biological activity these complexes
exhibit and the breadth of MOD that can be induced by metallic complexes, this highlights a limitation

to this current area.

3-1.4: Overview of work in Chapter 3

In this chapter, the potential of the methyl group bioisostere was evaluated in various positions on the
phenyl ring of the parental structure [Ru(n®-p-Cym)(ImPy)CI]PF¢ by assessing the physiochemical and
biological activity. This was achieved by the synthesis and characterisation of a series of six complexes,
followed by antiproliferative activity screening in range of EOC cell lines to determine structure activity
relationships. Being the best preforming complex of this series, complex 6 was taken forward for
preliminary MOA screening in SKOV3 with particular attention to the MOD initiated due to the notable

resistance to cell death and apoptosis seen in SKOV3.
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3-2: Experimental section

3-2.1: Ligand and complex synthesis

ImPy ligands used in this chapter are shown in Figure 3-4. Ligands were synthesised using the synthetic

scheme shown in Scheme 2-1. Full synthetic information is given in Appendix II.

L4 L5

Figure 3-4: Structures of the six iminopyridine ligands used in Chapter 3 with the methyl bioisostere
groups highlighted in blue.

Complexes were then synthesised using the synthetic scheme shown in Scheme 2-2.
3-2.1.1: Complex 1 — Ru(L1)CI(PFs), [Ru(n°®-p-Cym)(ImPy)CI]PFs

According to reaction scheme in Scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (101.6 mg, 0.17
mmol) was mixed with L1 (60.5 mg, 0.33 mmol). Following which ammonium hexafluorophosphate
(135.2 mg, 0.83 mmol) was added producing a solid weighing 183.9 mg (92.85%). 'H NMR (400 MHz;
DMSO-ds) 6 0.98 (d, J=6.9 Hz, 6H), 2.16 (s, 3H), 2.51 (m, 1H), 5.58 (d, J=6.3 Hz, 1H), 5.63 (d, J=6.2 Hz,
1H), 5.76 (d, J=6.3 Hz, 1H), 6.09 (d, J=6.3 Hz, 1H), 7.62 (m, 3H), 7.81 (td, J=7.2, 1.4 Hz, 2H), 7.89 (qd,
J=5.6, 1.8 Hz, 1H), 8.27 (dd, J=7.9, 1.4 Hz, 1H), 8.32 (td, J=7.6, 1.2 Hz, 1H), 8.93 (s, 1H), 9.58 (d, J=5.4
Hz, 1H). 3C NMR (400 MHz; DMSO-ds) 6 18.29, 21.59, 21.70, 30.49, 84.93, 85.12, 86.14, 86.55, 103.45,

105.09, 122.52, 128.93, 129.54, 129.81, 130.09, 139.97, 151.73, 154.55, 156.00, 167.92. m/z (ESI-MS)
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found a highest intensity peak for the fragment of 453.07, with a calculated of 453.07 (M+

[C22H24C|N2RU]+).

According to reaction scheme in Scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (100.9 mg, 0.16
mmol) was mixed with L2 (64.7 mg, 0.33 mmol). Following which ammonium hexafluorophosphate
(134.3 mg, 0.82 mmol) was added producing a solid weighing 201.4 mg (99.87%). 'H NMR (400 MHz;
DMSO-ds) 6 0.98 (d, J=7.0 Hz, 6H), 2.16 (s, 3H), 2.44 (s, 3H), 2.51 (m, 1H), 5.58 (d, J=6.2 Hz, 1H), 5.62
(d, J=6.2 Hz, 1H), 5.76 (d, J=6.3 Hz, 1H), 6.09 (d, J=6.2 Hz, 1H), 7.44 (d, J=8.1 Hz, 2H), 7.70 (d, J=8.4 Hz,
2H), 7.88 (qd, J=5.7, 1.7 Hz, 1H), 8.26 (dd, J=7.8, 1.3 Hz, 1H), 8.31 (td, J=7.6, 1.2 Hz, 1H), 8.89 (s, 1H),
9.56 (d, J=5.5 Hz, 1H). 3C NMR (400 M Hz; DMSO-ds) § 20.83, 21.59, 21.72, 30.50, 84.77, 85.10, 86.30,
86.53, 103.61, 104.93, 122.45, 128.79, 129.91, 139.66, 139.93, 149.45, 154.60, 155.96, 167.08. m/z
(ESI-MS) found a highest intensity peak for the fragment of 467.08, with a calculated of 467.08 (M+

[C23H26CIN2RU]").

According to reaction scheme in Scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (100.9 mg, 0.16
mmol) was mixed with L3 (64.7 mg, 0.33 mmol). Following which ammonium hexafluorophosphate
(134.3 mg, 0.82 mmol) was added producing a solid weighing 186.8 mg (92.63%). 'H NMR (400 MHz;
DMSO-ds) § 0.99 (dd, J=5.3, 1.7 Hz, 6H), 2.15 (s, 3H), 2.47 (s, 3H), 2.52 (m, 1H), 5.58 (d, J=6.2 Hz, 1H),
5.65 (d, J=6.2 Hz, 1H), 5.76 (d, J=6.2 Hz, 1H), 6.06 (d, J=6.3 Hz, 1H), 7.41 (d, J=7.6 Hz, 1H), 7.52 (t, J=7.6
Hz, 1H), 7.60 (s, 2H), 7.89 (qd, J=5.7, 1.8 Hz, 1H), 8.26 (dd, J=7.9, 1.2 Hz, 1H), 8.32 (td, J=7.6, 1.3 Hz,
1H), 8.91 (s, 1H), 9.57 (d, J=5.4 Hz, 1H). 3C NMR (400 MHz; DMSO-d¢) § 18.21, 21.01, 21.50, 21.72,

30.48, 85.37, 85.76, 86.44, 102.89, 105.29, 119.80, 122.60, 128.89, 129.33, 129.98, 130.42, 139.13,
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139.96, 151.84, 154.54, 155.97, 167.63. m/z (ESI-MS) found a highest intensity peak for the fragment

of 467.08, with a calculated of 467.08 (M+ [C23H26CIN2Ru]?).

According to reaction scheme in Scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (102.2 mg, 0.17
mmol) was mixed with L4 (65.5 mg, 0.33 mmol). Following which ammonium hexafluorophosphate
(136.0 mg, 0.83 mmol) was added producing a solid weighing 187.4 mg (92.93%). 'H NMR (400 MHz;
DMSO-ds) 6 0.95 (d, J=6.7 Hz, 3H), 1.02 (d, J=6.7 Hz, 3H), 2.10 (s, 3H), 2.40 (s, 3H), 2.59 (m, 1H), 5.32
(d, J=5.4 Hz, 1H), 5.73 (dd, J=3.4, 2.6 Hz, 2H), 6.02 (d, J=6.1 Hz, 1H), 7.44 (m, 2H), 7.52 (m, 1H), 7.70 (t,
J=4.5 Hz, 1H), 7.93 (qd, J=5.5, 1.5 Hz, 1H), 8.26 (dd, J=7.8, 1.1 Hz, 1H), 8.33 (td, J=7.6, 1.2 Hz, 1H), 8.91
(s, 1H), 9.63 (d, J=5.4 Hz, 1H). 3C NMR (400 MHz; DMSO-d¢) 6 17.64, 18.07, 21.14, 22.06, 30.43, 86.08,
86.59, 87.10, 101.52, 105.49, 123.13, 126.75, 128.73, 129.24, 130.16, 131.65, 140.07, 151.27, 154.36,
155.98, 170.78. m/z (ESI-MS) found a highest intensity peak for the fragment of 467.08, with a

calculated of 467.08 (M+ [Ca3H26CIN,RU]*).

According to reaction scheme in Scheme 2-2, dichloro(p-cymene)ruthenium(ll) (110.7 mg, 0.18 mmol)
was mixed with L5 (71.0 mg, 0.36 mmol). Following which ammonium hexafluorophosphate (147.3
mg, 0.91 mmol) was added producing a solid weighing 199.2 mg (88.02%). *H NMR (400 MHz; DMSO-
de) 6 0.98 (d, J=7.0 Hz, 3H), 1.01 (d, J=7.0 Hz, 3H), 2.14 (s, 3H), 2.42 (s, 6H), 2.54 (m, 1H), 5.57 (d, J=6.2
Hz, 1H), 5.66 (d, J=6.3 Hz, 1H), 5.75 (d, J=6.4 Hz, 1H), 6.03 (d, J=6.3 Hz, 1H), 7.23 (s, 1H), 7.40 (s, 2H),
7.88 (qd, J=5.6, 1.6 Hz, 1H), 8.25 (dd, J=7.7, 1.2 Hz, 1H), 8.31 (td, J=7.7, 1.3 Hz, 1H), 8.90 (s, 1H), 9.57
(d,J=5.4 Hz, 1H). 3C NMR (400 MHz; DMSO-d¢) 6 18.14, 20.93, 21.40, 21.76, 30.47, 85.34, 85.68, 85.88,

86.33,102.27,105.53,119.97, 128.86, 129.88, 131.14, 138.86, 139.96, 151.95, 154.55, 155.95, 167.36.
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m/z (ESI-MS) found a highest intensity peak for the fragment of 481.99, with a calculated of 481.10

(M+ [CaaH28CIN2RU]*).
3-2.1.6: Complex 6 - Ru(L6)CI(PFg), [Ru(n®-p-Cym)(ImPy-4-CH(CHs):)CI]PF¢

According to reaction scheme in Scheme 2-2, dichloro(p-cymene)ruthenium(ll) (104.8 mg, 0.17 mmol)
was mixed with L6 (76.8 mg, 0.34 mmol). Following which ammonium hexafluorophosphate (139.5
mg, 0.86 mmol) was added producing a solid weighing 204.9 mg (97.83%). *H NMR (400 MHz; DMSO-
ds) 6 0.98 (d, J=6.9 Hz, 6H), 1.29 (d, J=6.8 Hz, 6H), 2.16 (s, 3H), 2.50 (m, 1H), 3.04 (m, 1H), 5.58 (d, J=6.2
Hz, 1H), 5.64 (d, J=6.2 Hz, 1H), 5.76 (d, J=6.3 Hz, 1H), 6.10 (d, J=6.4 Hz, 1H), 7.50 (d, J=8.5 Hz, 2H), 7.73
(d, J=8.5 Hz, 2H), 7.88 (qd, J=5.4, 1.5 Hz, 1H), 8.24 (dd, J=7.8, 1.1 Hz, 1H), 8.31 (td, J=7.7, 1.2 Hz, 1H),
8.90 (s, 1H), 9.57 (d, J=5.5 Hz, 1H). 3C NMR (400 MHz; DMSO-ds) & 18.31, 21.52, 21.75, 23.71, 23.73,
30.49, 33.19, 84.81, 85.01, 86.08, 86.72, 103.55, 104.90, 122.54, 127.29, 128.79, 129.87, 139.94,
149.63, 150.39, 154.59, 155.96, 167.21. m/z (ESI-MS) found a highest intensity peak for the fragment

of 495.11, with a calculated of 495.11 (M+ [CsH30CIN,Rul]).

3-2.2: Aqueous solution behaviour studies

3-2.2.1: GSH titration interaction by UV-Vis spectroscopy

GSH was dissolved to prepare a stock solution of 1500 uM in 5% (v/v) methanol in PBS, from which
final assay titre concentrations ranging from 750 to 3.2 UM were diluted. Complex 6 was diluted to the
final concentration of 150 uM in 3.75% (v/v) DMSO in PBS. The GSH concentrations and 6 were mixed
to a total volume of 200 uL in a clear 96 well plate with each concentration in quadruplicate. The plate

was then shaken at room temperature before UV-Vis spectra were collected at 0.5, 1 and 24 hours.
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3-2.3: Cell studies in SKOV3

For all following experiments, SKOV3 cells were treated with full media as a negative control. Unless
stated otherwise treatments were used equipotently at 2X 1Cso concentrations of CDDP and PTX, as
positive and as EOC gold standard of treatments controls. Complex 6 was used at 0.5X ICso
concentration, with further concentrations of 1X and 2.5X ICso in selected experiments. Cells were

exposed to treatment for 24 hours.

3-2.3.1: Cell lysate collection

P150 dishes were seeded with 8X10° SKOV3 cells and incubated for 24 hours then treated equipotently
with the addition of 1 uM of STS as a positive control of apoptosis in triplicate. After 24 hours exposure,
cells were washed with PBS and trypsinized to a SCS, washed twice with PBS and lysed using 2X Cell
lysis buffer item J (Sigma) diluted 1:1 in cold PBS on ice for 30 minutes. Following digestion, the solution
was centrifuged at 12,000 RPM at 4°C for 30 minutes with the supernatant collected for analysis. Cell
lysate was divided between the Bradford assay, Caspase 3/7 as described in Chapter 2, and Caspase 9

kit.

3-2.3.2: Caspase 9 activity

Caspase 9 activity was assessed using the Caspase 9 Activity Assay Kit (by Colorimetric, Elabcsience)
per manufactures instructions from step 6 as cell lysate had been previously prepared. Absorbance
values were exported to Microsoft Excel and normalised by the negative control absorbance and

protein content.

3-2.3.3: Autophagy activity

Black wall, clear glass bottom 96 well plates were seeded with 1.5X10* SKOV3 cells per well and

incubated for 24 hours. Cells were treated equipotently in addition to 1 uM STS as a positive control
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of autophagy. Post exposure, cells were washed and stained with the ATT Bioquest Cell Meter™
Autophagy Assay Kit per manufacturer’s instructions. Fluorescence intensity and fluorescence
microscopy of cells was measured using blue fluorescence intensity and the DAPI channel respectively.
Post fluorescence analysis, cells were stained with 50 uL 1mg/mL crystal violet in 80% (v/v) methanol
in PBS for 30 minutes at 4°C. The plate was then washed with water, crystal violet was dissolved in 100
uL of 10% (v/v) acetic acid in isopropanol and absorbance measured at 590 nm for crystal violet protein

content normalisation of fluorescence intensity.

3-2.3.4: Co-treatment for ferroptosis inhibition and activation

Protocol was based on the antiproliferative activity assay detailed in Chapter 2, with an altered
treatment protocol. Co-treatment drugging protocols are shown in Table 3-1 for ferroptosis inhibition
and Table 3-2 for ferroptosis enhancement using Fer-1 and erastin (ERA) as positive controls for
inhibition and activation respectively. Co-treatments were added within 5 minutes of each other. Cell

survival was calculated as a percentage of the negative control without co-treatment.

Table 3-1: Ferroptosis inhibition combinations used in this work given in final treatment
concentrations. The ferroptosis inhibitor ferrostatin (Fer-1) was used increments of 0, 0.25, 0.49, and
1.2 uM. Fer-1 was co-treated with CDDP, PTX, STS, complex 6, the ferroptosis inducer erastin (ERA)
as a positive control or media as a negative control.

Fer-1 concentration (uM)
Treatment
0 0.25 0.49 1.2

Negative control — media

ERA at 1X IC,, (5.38 uM)
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Table 3-2: Ferroptosis enhancement combinations used in this work given in final treatment
concentrations. The ferroptosis inducer erastin (ERA) was used in increments of 0 X, 1X and, 3X ICso.
ERA was co-treated with CDDP, PTX, STS, complex 6, or media as a negative control.

Treatment

Negative control — media

3-2.3.5: Ruthenium piano-stool antiproliferative activity enhancement by L-

buthionine sulfoximine cotreatment

Protocol was based on the antiproliferative activity assay detailed in Chapter 2, with an altered
treatment protocol. A2780 and SKOV3 cells were co-treated with final concentrations ranging between
200 and 0.01 uM of CDDP, 1 or 6 in combination with 5 uM of L-buthionine sulfoximine (L-BSO). Co-
treatments were added within 5 minutes of each other. Cell survival was then calculated from which

ICso values were determined.

81



3-3: Results

3-3.1: Physiochemical characterisation of methyl bioisostere

complexes

3-3.1.1: Synthesis and characterisation of the iminopyridine ligands and piano-

stool complexes used in Chapter 3

Following ImPy ligand synthesis, imine bond formation was confirmed, and ligand structure was
elucidated using H, 3C and HSQC NMR experiments, specifically observing for the singlet imine proton

shift at ~8.8 ppm.

Table 3-3: Complexes synthesised and evaluated in Chapter 3.

B : , ] PF
1
C'//Ru SR
N N AL
R’ R'
R2
Complex R! R? R? R?
1 - Ru(L1)CI(PF), [Ru(n5-p-Cym)(ImPy)CI]PF, H H H H
2 - Ru(L2)CI(PF;), [Ru(n®-p-Cym)(ImPy-4-Me)CI]PF, H H CH, H
3 - Ru(L3)CI(PF;), [Ru(n®-p-Cym)(ImPy-3-Me)CI]PF, H CH, H H
4 - Ru(L4)CI(PF,), [Ru(n®-p-Cym)(ImPy-2-Me)CI]PF, CH, H H H
5 - Ru(L5)CI(PF), [Ru(n®-p-Cym)(ImPy-3,5-DiMe)CI]PF, H CH, H CH,
6 - Ru(L6)CI(PF), [Ru(n5-p-Cym)(ImPy-4-iPr)CI]PF, H H CH(CH,), H
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The ligands were then used as starting materials for the six complexes shown in Table 3-3. Following
synthesis, structure was elucidated using 1D and 2D NMR experiments reflected in Chapter 2 NMR,
complimented with ESI-MS spectrometry, HPLC and elemental analysis. The experimental data was

consistent with the proposed structures and purity was confirmed before biological analysis.

Elucidation of the proposed complex structures was done using a combination of the NMR experiments
including *H, 3C, *H COSY, H*3C HSQC, and *H*3C HMBC. Proton assignment of complex 6 is shown in
Figure 3-5. The 'H NMR spectrums shows 16 proton signals with chemical shifts between 0.98 and 9.57
ppm. One of these signals can be assigned to the residual peak of the DMSO used as solvent. 3C data
spans between 18.31 and 167.21 ppm. Carbon to proton correlations at a single bond were determined
using the *H*3C HSQC (Figure 3-6), while H COSY and *H*C HMBC allowed for establishing interactions

at longer bond distances. 2D experiments also contain the corresponding solvent signals expected.

Following synthesis and elucidation that the correct complexes had been produced, evaluation of
complex interaction with biologically relevant matrixes was assess by UV-Vis spectroscopy changes in
the charge transfer band region of the spectra to determine suitability for biological study (Table 3-4).
All complexes here shown to interact with water, GSH, media and full media by exhibiting isosbestic
points in the charge transfer band region of the spectra after 24 hours incubation. All complexes except
1 and 5 exhibit an isosbestic point with ctDNA. Hyperchromism was observed for all complexes bar
complex 1 in DMSO. Complexes 1 and 5 also exhibited hypochromism with all other matrixes bar BSA.

No precipitation of complex was observed in any matrix.
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Figure 3-5: Proton assighment of complex 6. a). structure of complex 6 with proton integral given as

H and corresponding *H peak given in brackets. b). *"H NMR at 400 MHz with expansion box of shifts

from 5.5-10 ppm. Integrals given in red and proton assignment given in blue referenced to DMSO at
2.5 ppm.
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Figure 3-6: 400 Hz NMR spectra highlighting the overlap of the DMSO and proton 16 in complex 6. a).
Full *H COSY spectra of complex 6 from 0-10 ppm. b). Magnification of *H COSY NMR. Circled peaks
highlight the presence of a proton corelation of shift 1 with a shift within the DMSO peak. c). *H*3C
HSQC NMR spectra with highlighted proton-carbon corelation of a proton in addition to the DMSO

proton-carbon corelation.
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3-3.1.4: GSH interaction by UV-Vis titration

Noting the interaction with GSH, further in-depth experimentation was evaluated (Figure 3-7).
Maintaining an equimolar concentration of complex 6 to GSH, UV-Vis spectra were collected (Figure
3-7a) a hyperchromic and hypsochromic effect is seen over the course of 24 hours. When titrating the
concentration of GSH while maintaining complex 6 concentration at 150 uM, within 30 minutes of
combination (Figure 3-7b), hypochromism is observed with a bathochromic shift. With the increased
interaction time, the extent of hypochromism and bathochromism is increased with 24 hours

exhibiting the greatest effect (Figure 3-7c and d).

Table 3-4: Summary of UV-Vis spectra changes of the complexes investigated in Chapter 3 with

biologically relevant matrixes following 24 hours incubation. Abbreviations: dimethyl sulfoxide

(DMSO0), phosphate buffered saline (PBS), bovine serum albumin (BSA), glutathione (GSH), calf

thymus DNA (ctDNA), non-essential amino acids (NEAA), no change (NC), isosbestic point (IP),
hypochromism ({/), and hyperchromism ().

Complex DMSO  H0 cl)::fwas PBS BSA GSH Media w::;'a ctDNA ;‘;’:;’; NEAA
1 NC IP ¢ d& L P P P L LU
2 N IP NC NC NC P P P IP NC NC
3 N IP NC NC NC P P P IP NC NC
4 N IP NC NC NC P P P IP NC NC
5 N IP N & NC PP P L LU
6 N IP NC NC NC P P P IP NC NC
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Figure 3-7: GSH interaction titration studies by UV-Vis spectroscopy. a). overlay of time dependant

spectra of GSH and complex 6 in a 1:1 ratio showing an hyperchromic and hypsochromic over time,

b). titration of 3.2 to 750 uM GSH with 150 uM of 6 showing a hypochromic and bathochromic shift
with increasing concentration at 0.5 hours, c¢). at 1 hour, d). at 24 hours.

LogDy.4 and lipophilicity

Lipophilicity being an important quality in the behaviour of a pharmacological agent, was determined
by the shake flask method. All the complexes synthesised were shown to have a negative LogD7,values
ranging from -0.66 to -0.21 for complex 1 and 6 respectively (Table 3-5). Furthermore, several trends
regarding substitution also appear. Methyl substitution position effects lipophilicity increasing
unsubstituted>para>meta>ortho. Furthermore, increased substitution increases the lipophilicity by
0.28 with mono substitution and 0.37 with bi substitution in the 3, 5 positions. Lipophilicity was
increased most in these complexes with the addition of the isopropyl group in the para position in

complex 6.
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Table 3-5: LogDy7.4 of the six complexes evaluated in this chapter determined by the shake flask
method using PBS and n-octanol.

Complex LogD, ,

-0.66
-0.38
-0.42
-0.51
-0.29

A A W N R

-0.21

3-3.1.5: Density Functional Theory of the ruthenium complexes

Noting the subtle differences in lipophilicity of the complexes, using DFT energy minimized, geometry
optimised structure renders were calculated for complexes 1, 2, 3, 4 and 6 shown in Figure 3-8 to
assess for structural differences. From these the bond lengths around the ruthenium centre and the
rotation of the phenyl ring were calculated (Table 3-6). Of the complexes compared here there were
no predicted significant differences in the bond lengths between any of the complexes evaluated with
all bond lengths being 2.390 A, 2.064 A and 2.084 A. Regarding Phenyl ring rotation, 4 had a significant
calculated rotation of 12.94° over 1. However, 2, 3 and 6 all experienced decreased rotation compared

to 1 of 1.63°, 2.44° and 3.05° respectively.

Table 3-6: Calculated DFT bond lengths (A) and phenyl ring rotation (°) determined from the lowest
energy structures. (Calculated by Dr J.P.C. Coverdale).

Complex Ru-Cl (A) Ru-N imino(A)  Ru-N pyridine (A) N-Ph dihedral (°)
1 2.3872 2.0698 2.0806 52.6103
2 2.3893 2.0638 2.0839 50.1720
3 2.3891 2.0620 2.0853 50.9800
4 2.3919 2.0599 2.0853 65.5488
6 2.3889 2.0648 2.0839 49.5619
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Figure 3-8: Calculated DFT structures of selected complexes in their lowest energy structures.
(Rendered by Dr J.P.C. Coverdale).

3-3.2: Cell Studies of methyl bioisostere complexes

3-3.2.1: Antiproliferative screening

The complexes were screened in a variety of EOC lines to assess their antiproliferative activity (Table
3-7 and Figure 3-9). ICso values were determined using the MTT assay following a 24-hour exposure
and 72 hours recovery time regime with comparison to CDDP and PTX as standards for organometallic

complexes and EOC respectively.

The complexes in this series largely demonstrates consistent activity across the EOC cell lines tested in
this panel. Complex 1 (unsubstituted) was the least potent complex evaluated here with an I1Cso >140
KM in all but one EOC cell line. Complex 1 was followed by complex 4 (o-CHs) which was only effective
in PEA1 and PEA2 with potencies <140 uM. Complexes 2 and 3 (p- and m-CHs, respectively) exhibited
similar moderate potencies in all EOC cell lines, bar SKOV3, generally being more potent than complex
4. With the addition of a second methyl group in complex 5 (2,4-diCHs), potency increased with ICsp

values <100 uM in three of the EOC lines. Here, complex 6 (iPr group) was the most potent complex
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exhibiting moderate to significant activity in all of the EOC cell lines here with ICso values <85 pM.

Table 3-7: Antiproliferative screening of the six complexes used in this chapter with efficacy
displayed as ICspvalues and the PEA factor (calculated as = ICso(PEA2)+ICso(PEA1), therefore
increasing PEA factor corelates with increased resistance in the PEA2). (n.d., no data).

IC,, Value (uM)
Complex A2780 SKOV3 PEA1 PEA2 MRC5 | PEA Factor
1 >140 >140 >140  98.45(0.04)  >140 N.A.
2 76 (2) >140 64 (2) 110 (2) >140 1.73(0.07)
3 84.0(0.2) >140 67 (1) 126 (1) n.d. 1.87(0.03)
4 >140 >140 73 (2) 117 (2) n.d. 1.60(0.05)
5 40.6(0.2)  120(1) 34 (1) 67.8(0.7) n.d. 1.94(0.08)
6 44.6(0.7)  84.5(0.5) 10(2) 26.5(0.2) >140 2.5(0.4)
CDDP 3(1) 11(1)  2.72(0.07)  8.08(1) 56(07) | 3.0(0.5)
032nM  0.56nM 3.5nM 4.28nM
PTX (0.02) (0.03) (0.3) (0.06) n.d. 12(0.1)

This series generally exhibits good potency in the EOC A2780, PEA1 and PEA2 lines meanwhile, activity
varies greatly in the intrinsically CDDP-resistant SKOV3 line. Here, the complexes performed best in
A2780 with all complexes except 1 and 4 achieving an ICsovalue below 100 uM, followed by PEA1 with
all but 1 achieving a measurable ICsovalue below 100 pM. In contrast, the complexes did not perform

as well in SKOV3 and PEA2 with most ICso values being above 140 uM and 100 uM, respectively.

Here the PEA factor (the ratio between the ICso values of PEA2 and PEA1 cells, corresponding to the
effectiveness between first line and second line treatment) demonstrates that all the methyl derivative
complexes synthesised here experienced between 0.5X and 1.4X less resistance than CDDP. However,

in the intrinsically CDDP resistant line SKOV3, potencies generally halved compared to A2780.

Here, the MRC5 normal lung cells were used to model normal cells and provide a model for cancer cell
to normal cell specificity. All three complexes tested did not exhibit antiproliferative activity with ICso
values of above 140 uM. Specifically, the activity of complex 6 in MRC5 is between 2.6X and 22.5X less
effective in MRC5 than the EOC lines screens. This contrasts CDDP which maintained strong

antiproliferative activity with an ICsoof 5.6 uM, comparable to the potency in the EOC cell lines.
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Within the series, complex 6 is the most effective complex having the highest potency of all the
complexes tested in most cell lines. However, 6 was also substantially affected by treatment resistance

seen between PEA1 and PEA2 with the highest PEA factor.

150 - A2780 150 - SKOV3
—~100 - —~100 -
= s i
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Figure 3-9: Antiproliferative screening of the six complexes used in this chapter with efficacy
displayed as ICso values. Bars in grey indicate an I1Cso value of >140 uM.

When analysing the series as a whole, several trends can be seen. The first observation is the use of
the methyl group around the phenyl ring does provide significant improvement to the potency of the
complexes in A2780 and PEA1 but not SKOV3 and PEA2. The methyl group in A2780 and PEA1 allows

for measurable ICso below 100 uM. In PEA2, the methyl group does allow for some antiproliferative
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activity improvement but is limited with all ICso concentrations of the methylated complexes being
above 100 pM. Further in SKOV3, the methyl substitution did not provide any significant
antiproliferative activity. However, the substitution position does have a significant influence on
potency in all cell lines. In all almost all cases, methyl substitution in the ortho position significantly
decreased potency over the para and meta positions with potency on average being ~1.5X less potent.
This effect is seen greatest in A2780 where potency decreased to unmeasurable levels here in the

ortho position from an I1Csp of 76 UM in the para position, therefore being 1.8X more potent.

In addition to the position of the methyl group, the number of methyl groups greatly effects potency
where increased substitution, increases potency. This is This trend is further extended into the use of
the iPr group of 6 where potency doubles in SKOV3, and triples in PEA1 and PEA2. Yet this does not

extend in A2780 where potency between 5 and 6 is comparable.

A further trend seen is the increase in potency with the increase in lipophilicity. While it must be
acknowledged that the changes in lipophilicity are small, there is substantial increase in ICso with small
decreases in lipophilicity (Figure 3-10). This trend is strongest in PEA2 where potency can double with
an increase in lipophilicity from -0.29 to -0.21. Evaluating all the complexes synthesised here, complex

6 was selected for further testing in SKOV3 due to its high potency in all lines.
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Figure 3-10: Graphical representation of the corelation between LogD7.4 and ICso value in cell lines
where more than four ICso values were less than 140 uM. In all three EOC cell lines, there is a
remarkable trend with increasing lipophilicity and decreasing ICso of the complexes screened.

3-3.3: Preliminary mode of action screening of complex 6

3-3.3.1: Mitochondrial depolarisation

As AWm depolarisation is a common MOA of ruthenium piano-stool complexes, depolarisation was
tested by fluorescence microscopy using Rh123 staining shown in Figure 3-11. Rh123 is a cationic dye
which fluoresces green when the AWm is polarised but does not fluoresce when polarisation is lost.
The negative control, CDDP nor PTX treatments did not depolarise the AWm, while complex 6 induced

complete loss of fluorescence at 0.5X ICso concentrations.
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Negative media control CDDP (22 uM)

6 (42 pM) PTX (1.1 nM)

Figure 3-11: Evaluation of mitochondrial depolarisation in SKOV3 cells treated with media as negative
control, CDDP 2X ICs0 (22 uM), 6 0.5X ICsp (42 uM) or PTX 2X I1Cs0 (1.1 nM). Cells stained with Rh123
(green), DAPI (blue) and PI (red). Images presented as overlays of green, blue, and red channels at

10X magnification (scale bar 400 um).

Often coupled with AWm depolarisation and a common MOA of ruthenium complexes, ROS generation
was tested by fluorescence microscopy, using DCFDA is shown in Figure 3-12. DCFDA is a fluorescent
probe that fluoresces green in the presence of ROS species. The negative control, CDDP or PTX did not
induce visible ROS levels, while complex 6, Luperox and hydrogen peroxide induced ROS generation.
Interestingly, 6 induced hotspots of ROS generation in ~“35% of the cell population in comparison to
hydrogen peroxide which has a consistent lower-level staining across all cells. Further investigation
using fluorescence intensity of DCFDA (Figure 3-13) indicates that at 0.5X ICsq, 6 did not induce any
significant difference in ROS generation compared to the control. However, generation is dose
dependant with higher levels at 2.5X 1Cso concentrations, ROS was induced in levels comparable to

Luperox and hydrogen peroxide.
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Negative media control CDDP (22 uM)

PTX (1.1 nM) H,0, (1 mM) Luperox (0.7 mM)

Figure 3-12: Evaluation of ROS generation in SKOV3 cells treated media as negative control, CDDP 2X

ICs0(22 uM), 6 0.5X ICsp (42 uM), PTX 2X ICs0 (1.1 nM), 1 mM hydrogen peroxide, or 0.7 mM Luperox,

then stained with DCFDA (green), DAPI (blue) and PI (red). Images presented as overlays of the green,
blue, and red channels at 10X magnification (scale bar: 400 um).
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Figure 3-13: Evaluation of ROS generation in SKOV3 cells treated with media as negative control,
CDDP 2X I1Cs0 (22 uM), 6 0.5X ICsp (42 uM), PTX 2X ICs0 (1.1 nM), 1 mM hydrogen peroxide, or 0.7 mM
Luperox, stained with DCFDA and fluorescence intensity normalised by protein content. (Significance
determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001

levels of significance).
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Cell cycle arrest

With replication arrest being highly effective in the inhibition of cancer growth and indicative of MOA
of a complex, cell cycle arrest was assessed by flow cytometry (Figure 3-14). Using Pl and RNase,
fluorescence intensity is directly proportional to DNA quantity, therefore when DNA doubles in
replication, population proportions compared to a control population can indicate cell cycle arrest.
CDDP at 2X ICsp significantly (p<0.01) induced S phase arrest by reducing the Go/G: population.

However, PTX at 2X ICsg and 6 at 0.5X I1Cso did not induce significant cell cycle arrest.
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Figure 3-14: Cell cycle arrest of SKOV3 cells by flow cytometry treated with media as negative
control, CDDP 2X ICsp(22 uM), 6 0.5X ICso (42 uM), or PTX 2X ICso (1.1 nM), stained with Pl and RNase.
(Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and ***
indicates p<0.001 levels of significance).
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3-3.3.3: Wound healing assay

With invasion being a key process in the progression of cancer, the wound healing assay was used as
an in vitro model. Wound closure was measured from T=0 (monolayer wounding when cells were
drugged), to T=24 (after 24 hours treatment exposure), and T=24+72 (after 24 hours treatment
exposure time followed by 72 hours recovery time). Wound measurements and images are shown in

Figure 3-15 and Figure 3-16 respectively.

Only PTX prevented significant (p<0.05) wound closure following 24 hours of drug exposure with both
CDDP and 6 treatment not preventing significant wound closure. Yet, with the inclusion of 72 hours

recovery time, both 6 and PTX significantly (p<0.05 and p<0.01, respectively) prevent wound closure.
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Figure 3-15: Averages of the wound widths of the wound healing assay of SKOV3 cells treated with
media as negative control, CDDP 2X ICso (22 uM), 6 0.5X ICso (42 uM), or PTX 2X ICso (1.1 nM) at O
hours (monolayer wounding and start of treatment exposure), 24 hours (following treatment
exposure) and 24 + 72 hours (total wound closure including 24 hours treatment and 72 hours
recovery time). (Significance determined by Welch t-test where * indicates p<0.05, ** indicates
p<0.01, and *** indicates p<0.001 levels of significance).
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Figure 3-16: Wound healing assay of SKOV3 cells treated with media as negative control, CDDP 2X

[Cs0(22 uM), 6 0.5X ICsp (42 uM), or PTX 2X ICso (1.1 nM), with images taken at 24 hours (following

treatment exposure) and 24 + 72 hours (total wound closure, including 24 hours treatment and 72
hours recovery time). Images taken at 4X magnification, scale bar: 1000 um.

3-3.3.4: Colony formation

In tandem with invasion evaluation, colony formation is used as an in vitro model of metastatic
potential. The colony formation assay was carried out using a 24-hour exposure period followed by a

seven-day colony growth period).
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Figure 3-17: a). average colony counts and b). well images at 1X magnification of the colony
formation assay of SKOV3 cells treated with media as negative control, CDDP 2X ICso (22 uM), 6 0.5X
ICso (42 uM), and PTX 2X ICsp (1.1 nM) (significance determined by Welch t-test where *** indicates

p<0.001 level of significance).

Colony count evaluation is shown in Figure 3-17. All treatments used here significantly (p<0.001)
reduced growth. However, it must be noted that that an average of 164 colonies developed compared
to the control of 200 colonies, whereas CDDP and PTX treatment led to the growth of an average of

ten colonies per test.

In addition to the number of colonies, colony density was also evaluated to assess the effectiveness
and growth following metastasis. All off the treatments significantly (P<0.001) decreased the density
of the colonies that grew (Figure 3-18). Treatment with complex 6 induced a 48% decrease in colony
density, while CDDP and PTX treated cells developed colonies with less than ten cells present. In
addition, evaluation of colony morphology, 6 treated cells develop colonies that diffuse in nature in

comparison to the control colonies.
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Figure 3-18: a). average colony density and b). images of the colonies formed in the colony formation
assay of SKOV3 cells treated with media as negative control, CDODP X2 ICso, 6 0.5X, 1 and 2.5 ICsq, PTX

X2 1Cso. (Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and
*** indicates p<0.001 levels of significance). Images taken at 4X magnification, scale bar: 1000 um.

3-3.4: Mechanism of cell death testing of 6

3-3.4.1: Apoptosis induction

As cells have several MOD to induce death appropriate to the cellular stimuli with apoptosis being one
of the mostly observed and tested mechanisms, it was investigated by flow cytometry. Using Annexin

V/PI staining, extent of apoptosis can be determined, demonstrated by Figure 3-19.

Apoptosis analysis populations of SKOV3 cells treated with 6 at 0.5X, 1X and 2.5X 1Cso, CDDP 2X ICso,
PTX 2X ICso and STS at 1 uM is shown in Figure 3-20. CDDP induced significant early and late-stage
apoptosis (p<0.05 and p<0.01, respectively) without an increase in the non-viable population while

PTX only induced a fractional but significant (p<0.05) early phase apoptosis. Complex 6 induces
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apoptosis dose dependently with the late-stage population increasing from 1% (p<0.05) to 41%

(p<0.001) in 0.5X ICso and 2.5X ICsg treated cells, respectively. This similar trend is also observed in the

early apoptotic population of 6 treated cells but to a lesser extent with the population increasing from

1% (p=0.1) to 13% (p<0.001) with increasing dose. This trend however is not observed in the non-viable

population, where there is only a significant (p<0.05) increase in the non-viable population in 6 2.5X

ICso treated cells.
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Figure 3-19: Apoptosis by flow cytometry theory and a). gating strategy and corresponding apoptotic
populations by fluorescence intensity using bi). the untreated negative control, and bii). the positive
control such as STS.
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Figure 3-20: Apoptosis induction by flow cytometry of SKOV3 cells treated with media as negative
control, CDDP 2X ICso (22 M), 6 at 0.5X (42 pM), 1X (84 uM) and 2.5X (211 pM) ICso, PTX 2X 1Cs0 (1.1
nM), or 1 uM STS, then stained with Pl and Annexin V. (Significance determined by Welch t-test
where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).

3-3.4.2: Caspase activity

Due to the evidence in the apoptosis assay, caspase activity was investigated colourimetrically,

normalised by protein content (Figure 3-21).
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Figure 3-21: Quantitative assessment of a). protein content, b). Caspase 3/7 activity, c). Caspase 9
activity of SKOV3 cells treated with media as negative control, CDDP 2X ICs0 (22 pM), 6 at 0.5X (42
uM), 1X (84 uM), and 2.5X (211 uM) ICsg, or 1 uM STS. (Significance determined by Welch t-test
where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).

Protein content decreased with cytotoxic treatment (Figure 3-21a). Interestingly, 6 treated cells exhibit
significantly lower protein levels dose dependently with content decreasing from 1.4 mg/mL to 0.1

mg/mL with concentration increasing from 0.5X ICso to 2.5X ICso. This decrease cannot be attributed to
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cell death as cells treated with CDDP at 2X ICso has been previously shown to induce more apoptosis
than cells treated with 6 at 0.5X ICso, yet protein content is lower in 6 treated cells being 1.8 mg/mL

compared to 1.4 mg/mL.

Caspase 3/7 activity (Figure 3-21b) was increased in all treatments to a significant level (p<0.01). As
expected, 6 treated cells Caspase 3/7 activity was dose dependent in a similar trend to the apoptosis
assay with a 10.8X increase between 6 at 0.5X ICso and 2X ICso. However, there is no significant

difference between the 0.5X and 1X ICsodoses.

Due to the indications of Caspase 3/7 having higher activity in 6 treated cells, Caspase 9 was also
investigated as being a biochemical precursor and an indicator of intrinsic apoptosis often triggered by
mitochondrial and DNA damage (Figure 3-21c). While CDDP and STS did induce an increase in Caspase
9 activity it was not statistically significant. However, 6 did induce significant (p<0.05) levels of Caspase

9 activity at 2.5X ICso concentrations.

With the evidence that complex 6 treatment leads to decreased protein content, and CCM
permeabilization, cell and CCM morphology was investigated by fluorescence microscopy using a CCM
intercalating dye (Figure 3-22). Neither CDDP nor PTX treatment induces a loss of red fluorescence and
cellular morphology remains intact similar to the untreated control. However, when treated with
increasing concentrations of complex 6, membrane dye fluorescence decreases. In addition to the
alterations in the CCM, 6 treated cells exhibit a shrunken morphology, even at low treatment
concentrations. To determine if CCM dye fluorescence loss is due to loss of CCM integrity, Pl
fluorescence from the apoptosis assay was collated (Figure 3-23). At 2.5X ICso, 6 exhibits a significant
(p<0.01) increase with 54% of the population exhibiting positive levels of PI fluorescence, corelating

with CCM dye loss.
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Negative media control CDDP (22 uM) PTX (1.1 nM)

6 1XIC,, (84 uM) 6 2.5X1C,, (211 pM)

Figure 3-22: Cellular morphology of SKOV3 cells treated with media as negative control, CDDP 2X ICso
(22 uM), PTX 2X IC50 (1.1 nM), 6 at 0.5X (42 uM), 1X (84 uM), or 2.5X (211 pM) ICsg, stained with Cell
Brite Red membrane dye (red) and DAPI (blue). Images presented as overlays of the red and blue
channels the taken at 20X magnification, scale bar: 200 um.
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Figure 3-23: Membrane integrity by flow cytometry of SKOV3 cells treated with media as negative
control, CDDP 2X ICs(22 uM), 6 at 0.5X (42 uM), 1X (84 uM), and 2.5X (211 uM) ICsg, PTX 2X I1Cs
(1.1 nM), or 1 uM STS, then stained with PI. (Significance determined by Welch t-test where *
indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).
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Type Il MOD are also important in cancer cell death, including the under/over activation of autophagy.
This was investigated by fluorescence microscopy and intensity (Figure 3-24 and Figure 3-25,
respectively). CDDP, STS and 6 at 1X ICso induced a significant (p<0.05) increase in autophagy. This

contrasts PTX, 6 at 0.5X and 2.5X ICso which did not induce any difference to the negative control.

Negative media control CDDP (22 uM) PTX (1.1 nM)

6 0.5X IC,, (42 uM) | 61xic,, (84 um) 6 2.5X1C,, (211 pM)

Figure 3-24: Autophagy microscopy of SKOV3 cells treated with a). media as negative control CDDP

2X 1Cs0 (22 pM), PTX 2X ICs0 (1.1 nM), 6 at 0.5X (42 puM), 1X (84 pM), or 2.5X (211 uM) ICso, stained

with ATT Bioquest Cell Meter™ Autophagy Assay Kit. Images presented as overlays of the blue and
transmission channels the taken at 10X magnification, scale bar: 400 um.
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Figure 3-25: Autophagy activity in SKOV3 cells treated with media as negative control, CDDP 2X ICso
(22 uM), 6 at 0.5X (42 uM), 1X (84 uM), and 2.5X (211 uM) ICso, PTX 2X ICs0 (1.1 nM), or 1 uM STS.
(Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and ***
indicates p<0.001 levels of significance).

3-3.4.5: Ferroptosis inhibition

The induction of ferroptosis was investigated by growth inhibition by co-treatment with the ferroptosis
inhibitor FER-1 (Figure 3-26). FER-1 was demonstrated to be an effective inhibitor of ferroptosis even
at 0.25 uM co-treatment with all concentrations of ERA at ICso. FER-1 induced very little improvement
in survival in the control and STS treatment populations being 3% and 1% respectively. The maintained
survival of the control population even at 1.2 uM doses of FER-1 indicate that FER-1 does not induce
growth inhibition. Interestingly, FER-1 did provide some protection against CDDP and PTX at 0.25 uM
of 28% and 18% respectively, however this subsides in a dose dependant manner with growth
inhibition improving to 0 uM FER-1 concentrations in PTX. This trend is not observed in 6 treated cells
in all three treatment concentrations tested. Remarkably, FER-1 does offer a marginal increase in
survival of 6.4% in 0.25X ICsoto 17% in 1.25X ICso treated cells. However, these increases in survival are

lower than the inhibition seen in CDDP, PTX and ERA treated cells.
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Figure 3-26: Ferroptosis inhibition using ferrostatin at 0, 0.25, 0.49, 1.2 uM of SKOV3 cells treated
with media as negative control, CDDP 1X ICso (11 pM), 6 0.25X (21 uM), 0.5X (42 uM), 1.25X 1Cso (105
uM), PTX 1X ICs (0.6 uM), 1 uM STS, and ERA 1X ICso (5.38 uM) shown through cell survival.

3-3.4.6: Co-treatment studies with complex 6

Due to the ROS induction and CCM effects previously observed, the co-treatment with the ferroptosis
inducer ERA was also investigated by growth inhibition (Figure 3-27). As shown in the untreated
control, with the increase in ERA concentration, survival decreases dose dependently. This similar
trend is also observed to a lower extent in STS. CDDP also demonstrated a similar trend with survival
not decreasing with increasing concentrations of ERA until a sharp increase at 3X 1Cso. Remarkably, 6
induced sharp decreases in survival rates when co-treated with ERA. With co-treatment of SKOV3 with
6 0.25X ICspand ERA 0.5X ICso a survival rate of 34%, with independent survival rates of 78% and 77%
respectively. Furthermore, this enhancement effect is seen dose dependently in 6 0.25X and 0.5X 1Cso
treated cells achieving 5% survival in 6 0.5X ICso and ERA 3X ICsotreated cells. Yet, in 6 1.25X ICsotreated

cells, as concentration of ERA was increased, survival marginally increased from 2+0.6% to 5+0.9%.
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Figure 3-27: Co-treatment of SKOV3 cells treated with media as negative control, CDDP 1X ICso (11
UM), 6 0.25X (21 uM), 0.5X (42 uM), 1.25X ICso (105 uM), or 1 uM STS with ERA 0.5X (2.7 uM), 1X (5.4
UM) and 3X (16.3 uM) ICso to assess enhancement of complex activity shown through cell survival.

Observing the increased potency and the implicated mechanisms of 6 with ERA. Co-treatment of 6
with L-BSO was evaluated (Figure 3-28). Use of L-BSO was impotent with a cell survival of 105% (+3.4%)
in A2780 compared to the negative control with a survival of 101.91% (+4.87). In SKOV3 (Figure 3-28a),
with the addition L-BSO, potency of CDDP and 6 improved with the ICso concentrations decreasing by
26% and 46%, achieving ICso values of 7.6 uM and 45.8 uM respectively. This potential was also
evaluated in A2780 (Figure 3-28b), with CDDP and 6 both achieving an improvement in potency with
ICso values decreasing by 47% and 87% with values of 1.9 UM and 5.63 uM respectively. In addition,
the impotent and unsubstituted complex 1 was also evaluated in A2780, and with the co-treatment of
L-BSO, 1 became significantly more potent achieving an 1Cso value of 63.6 uM, a minimum of a 2.2X

increase in potency.
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Figure 3-28: L-BSO co-treatment: Co-treatment of a). SKOV3 cells, b). A2780 cells treated with CDDP,
6, or 1 with 5 uM L-Buthionine sulfoximine (BSO) to assess enhancement of complex activity shown
through ICso values. (ICso value for 1 in A2780 is greater than 140 uM shown in grey).
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3-4: Discussion

In this chapter, the potential of methyl derivatives in EOC was investigated, from this complex 6 due

to its superior efficacy was selected for further death mechanism testing.
3-4.1: Preliminary  physiochemical investigations of methyl

bioisosteric complexes

The complexes proposed in Table 3-3 were successfully synthesised, in good yield and sufficient purity
for initial physiochemical and growth inhibition screening. Structural elucidation was mostly based on
NMR data. In particular the *H-NMR spectrum shows the expected patterns for a p-cymene unit in a
piano-stool complex which includes symmetric methyl signals for the isopropylic group, as well as, a
de-shielded methyl group as a singlet. The aromatic rings show the classical two-doublet signals that
can be associated with a 1,4-di substituted benzene. The N,N-chelating ligand also contains two
aromatic rings, the first pyridinic one with a 1,2- substitution and the second, derived from the aniline
unit with para- substituents that generate two coupling doublets. This ligand also contains an
isopropylic unit shifted downfield as a consequence of the latter ring. Signals with very characteristic
chemical shift include the alpha proton to the pyridine nitrogen, appearing as a doublet at 9.57 ppm

and most importantly the iminic proton as a singlet at low field in 8.90 ppm.

The complexes were then assessed for interactions with biologically relevant matrixes to identify any
potential MOA, detoxification methods and alterations of the complexes during testing. Here, all
complexes interacted with GSH, media and full media. Further interaction studies of 6 with GSH
showed when in an equimolar system over time, 6 and GSH exhibit a hyperchromic and hypsochromic
blue shift. However, when the concentration of GSH is titred, a significantly bathochromic red shift and
hypochromism were seen. This behaviour is consistent with other reports of organometallics and the

covalent interaction with GSH****, This has been hypothesized to be through the aquation of the
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complex chlorine ligand, which is then directly substituted with GSH, forming the GSH-complex
adduct*’. The interaction of the complexes with GSH is not unexpected. Many chemotherapeutics such
as CDDP interact with GSH, as part of cytoprotective mechanisms shown in Figure 3-29%4¢, GSH can
directly bind to CDDP and form Pt-GS adducts which can be exported by the multidrug resistance
proteins, ABC transporters, for nephritic excretion®. ABCC2 is the primary channel used by GSH and is
ATP dependant for activity”’. In addition, GSH can also detoxify hydrogen peroxide by converting it to
water and glutathione disulphide (GSSG) using GSH peroxidase. CDDP can also bind to GSSG forming

Pt(GS),, which can also be actively transported from the cell.

Figure 3-29: GSH cellular protective mechanisms in regards to the mechanisms of action of platinum
complexes such as cisplatin. 1). The formation of Pt-GSH adducts and their export. 2). The
detoxification of hydrogen peroxide by formation of glutathione disulfide (GSSG). 3). The export of
PT-GSSG adducts.

The interaction between the complexes and media/full media here is unlikely to be due to GSH. RPMI-
1640 formulations contain 1 mg/L of GSH, resulting in total amount of 1.6 uM in the final media
matrix®®. This is 94X lower than the 1:1 concentration tested in the GSH matrix. Further, RPMI-1640
has 45 components that could be the source of the interaction. Nonetheless, in growth inhibition

testing, several complexes still exhibited good activity. This suggests that this interaction could be
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liable, part of complex activation, aquation of the monodentate ligand or enable complex MOA in
addition to potential detoxification and deactivation mechanisms. For example, interaction with GSH
while maintaining potency has been documented. The complex (n°-biphenyl)Ru(AzPy-NMe;)I]PFs has
been demonstrated to oxidise the conversion of GSH to GSSG through the AzPy azo bond to a hydrazo
group, which goes on to regenerate the azo bond through the hydrogenation of dissolved O; to

generate hydrogen peroxide®.

Notably, most of these complexes do not exhibit spectra changes in BSA or plasma matrixes, the
primary transport protein and transport media in the body. This is contrary to many ruthenium
complexes including NAMI-A, KP1019, and many Ru piano-stool complexes which can be transported
by albumin and transferrin®®>2, Being bound to these macromolecules can consequently increase
transport to the tumour microenvironment, aiding specificity. While these complexes cannot take
advantage of these transport mechanisms, the hydrophilic nature of the complexes should aid their

transport without being bound but may be vulnerable during transit to the tumour.

Of particular note, these complexes interacted with water with the formation of an isosbestic point,
which did not appear in the 1:1 water to PBS matrix. This has been previously explored in similar
complexes and demonstrated to be due to the aquation of the monodentate chlorine ligand, which is
repressed with increasing sodium chloride®. Aquation is a process in metal complexes, especially those
with halogen monodentate ligands, such as those used in this work, and similar previous generation
complexes®>*3°4, This aquation is suggested to be similar to that of CDDP, where the exchange of the
halogen ligands with water is part of the activation mechanism, allowing for subsequent complex

interactions>*>>>6,

Noting the formation of aqua adducts, the formation of isosbestic points of complexes 2, 3, 4, and 6
with ctDNA, is not unexpected, agreeing with previously described mechanisms and agreement with

previous results®®. DNA targeting is a frequent target of antiproliferative treatments, including metal
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complexes such as CDDP and RM175. CDDP is well documented to develop the formation of DNA
adducts, which causes the stalling of DNA replication, strand damage and breakage, causing the
induction of apoptosis and other MOD>’. Yet, DNA interaction of metal complexes is not limited to the
development of adducts, but other methods including intercalation, groove binding and electrostatic
interactions®®. However, more in-depth experimentation is required to determine the mode of

interaction.

While these complexes did exhibit hyperchromism with pure DMSO, an isosbestic point did not form
in these cases, but that does not rule out an interaction. CDDP has been documented to form a range
of adducts with DMSO by substitution of the NHs and Cl ligands®®. In addition, other metal complexes
have also been documented to interact, but in these cases, isosbestic points in hypsochromism was
evident®. Furthermore, repression of adduction formation can be induced with the introduction of
chlorine ions in solution in the form of saline or lithium chloride®®®, In this work, similar
hyperchromism is not observed in other matrixes, suggesting that DMSO adduct formation/interaction
can be prevented in the diluted matrixes in the UV-Vis and biological activity assay making it an

appropriate solvent for further use.

The lipophilicity of the complexes in this chapter varied with LogD; 4 values ranging from -0.66 to -0.21
exhibiting a borderline lipophilic/hydrophilic nature due to the organic structures and being ions with
a PFs counter anion. Organometallic complexes can widely vary in their lipophilicity with a range of
logP values, however there is a consistent trend seen in many series of complexes that there is an
inverse corelation between lipophilicity and ICs value?*-313%6263 Fyrthermore, increasing potency with
extent of methyl substitution and extension of the methyl to the isopropyl group is also observed in
other series?>316263 However, potency of the complexes explored in these series still widely varies
from being highly potent in the case of FY26, to being ineffective in the case of Ru-1 to Ru-4 explored
by Guo et al, despite having similar LogP values3>®2, This likely due to lipophilicity being a contributary

factor in potency, with lipophilicity of the specific substituents resulting in increased potencies®!.
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3-4.2: Antiproliferative screening of methyl bioisosteric complexes

The complexes in this series exhibited good activity in a variety of EOC cell lines. With methyl
substitution, potency improved in A2780 and PEA1, EOC lines that do not have resistance profiles,
while methyl substitution was not as effective in SKOV3 or PEA2. A2780 is considered to be one the
primary models of EOC as it was collected before patient treatment and also possesses a fully
functional TP53 gene and p53 proteins®¢, Therefore, A2780 is treatment naive and can be used to
investigate a variety of anticancer compounds. This contrasts SKOV3, a notoriously hardy EOC cell line
which exhibits intrinsic resistant to CDDP and many other treatments. This has been attributed to the
lack of TP53, increased GSH levels, reduced apoptotic pathway signalling when initiated, aberrant
PUMA expression and Smac release, and increased anti-apoptotic protein levels including BCL-x. and
MCL-1%7""2, This provides some insight to that these complexes trend with many other treatments in

effectively treating A2780 but facing difficulties in SKOV3.

The use of these complexes in resistant lines can be demonstrated using the PEA1 and PEA2 cell lines.
PEA1 and PEA2 are sister lines derived from the same patient before and after treatment with CDDP
and Prednimustine, an effective treatment regimen for EOC pre-millennia with 61% response rates’>’3,
Here, all the complexes synthesised experience some resistance with complex 6 experiencing the most
cross-resistance with a PEA factor of 2.5, but this was still reduced compared to CDDP with a PEA factor
of 3.0. PEA2 is considered to have similar properties to PEA1, while gaining mechanisms of resistance
to CDDP and Prednimustine. Yet, further research into PEA1 and PEA2 genetic characterisations have
concluded that these cell lines have diverged independently from one host with 5% derivative
chromosomes and large differences in loss of heterozygosity events’*. These changes suggest that
other resistance mechanisms that are not CDDP dependant, possibly Prednimustine induced or
developed through genomic instability, are utilised in the cell leading to decreased potency. For

example, Prednimustine can lead to an increase in metallothionein levels, a small protein rich in
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cysteine used in metal binding/absorbing and redox scavenging’>’®. Therefore, the decrease in

complex potency in PEA2 over PEA1 can potentially be attributed to these cellular profile differences.

The position of the methyl was also seen to influence potency. As shown, there is a trend of increasing
potency with o<m<p. This is likely due to the steric hinderance of the o-methyl group and the imine
bond in 4 forcing rotation of the phenyl ring in the predicted DFT structures. In solution, the
unsubstituted 1 and the para substituted 2 would be able to experience full phenyl rotation, the o-
methyl in 4 would limit rotation by due to collision with the chlorine monodentate ligand, the imine
bond and potentially the p-cymene ring. This could limit interactions with potential biomolecule
targets and/or prevent aquation of the chlorine monodentate ligand. Similar to CDDP, aquation of
halogen monodentate ligand is an essential activation step of for many organometallic complexes, as
aquation to an -OH; group allows for co-ordination of the metal centre with macromolecules’”°,

Therefore, if aquation is inhibited due to steric hinderance, this could result in the prevention of

activation of the complex.

One benefit of the complexes synthesised here is the inactivity in normal lung MRC5. MRCS5 cells are
derived from the lung tissue of a 14-week old male foetus from a genetically normal family with no
neoplastic capability demonstrated®. Selectivity is a significant hinderance of many anticancer
treatments. Here, none of the tested complexes exhibited any antiproliferative effects, in stark
contrast to CDDP which was highly potent. This demonstrates that these complexes have specificity
for neoplastic tissues. Specificity is widely varied in ruthenium organometallic complexes, therefore
the ability of these complexes to maintain specificity is highly remarkable883, This specificity provides
an edge over other non-targeted treatments as are often more well tolerated due to decreased

toxicity.

SKOV3 was chosen for further work due being an aggressive cell line and intrinsically resistant to CDDP.

Additionally, complex 6 was selected due to being the best preforming complex of this series.
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3-4.3: Preliminary mode of action evaluation of complex 6

Organometallic complexes have the capabilities to affect several pathways in the cell. AWm
depolarisation is often induced by organometallic complexes and can be assessed by fluorescence
microscopy with Rh123, which fluoresces in corelation with the extent of AWm polarisation®%. Here
6 induced AWm depolarisation at 0.5X I1Cso. The loss of AWm is associated with the dysregulation of
several processes. With the mitochondria regularly referred to as the ‘powerhouse of the cell’,
depolarisation can be associated with the reduction in ATP production due to the loss of the proton
gradient, meaning that ATP synthase cannot be powered, and in extreme circumstances induce ATPase
activity®*®. Reduction of ATP in the cell has been associated with the increase in protease, nuclease
and lipase activity, however this has only been noted in chronic decrease in ATP, therefore it is
uncertain if this occurs in 24 hours exposure®®. Alterations of as little as 10% in the AWm can increase
ROS generation by 90% in normal cells®’. Loss of AWm has also been noted to promote the
dysregulation of Ca?* and Fe?*, which can go on to effect endoplasmic reticulum and thiol regulation,
respectively®*®, Additionally, AWm loss has also been linked to the stabilisation of PINK1, suggested
to be due to inaccessibility PARL, which goes on to phosphorylate the E3 ligase Parkin via serine 65.
Parkin then ubiquitinates mitochondrial substates, leading to mitophagy®*8%°°, However, while these
MOA cannot be ascertained without further experimentation, the loss of AWm polarisation is a highly

significant MOA as it loss of mitochondrial function is highly relied upon in several MOD.

As 6 induced the loss of AWm polarisation, and due to the catalytic nature of many organometallic
complexes including FY26 and n®-CsMeg derivatives of RM175, ROS generation was investigated®-*.
By fluorescence microscopy, 6 induced hotspots of ROS in SKOV3 cells and further testing
demonstrated that significantly increased levels of ROS were induced when cells were treated with
high concentrations of 6. ROS can interact with a wide variety of cellular components in both positive

and negative ways. Cancer cells generally have an increased baseline level of ROS compared to normal
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cells as ROS is used in the signalling of proliferation, differentiation, and migration, but also to induce
low levels of consistent damage of proteins, DNA and lipids which aids disease progression®°,
However, due to cancer cells often surviving at the limit of ROS levels, further increase often exceeds
the limit of what cells can tolerate, becoming deadly®. Therefore, when cells are treated with 6, ROS
concentrations can potentially reach intolerable levels in cells and cause irreparable cellular damage.
This damage can then be detected by various systems and induce several different death mechanisms

depending on what is damaged including apoptosis, autophagy and ferroptosis®>14,

Cell cycle arrest occurs in several types of cell death with arrest phase dependant on the damage that
has occurred. Here, complex 6 did not induce cell cycle arrest after 24 hours exposure. While this
contrasts CDDP which induced significant S phase arrest, PTX also did not induce significant cell cycle
arrest. The lack of cell cycle arrest in 6 treated cells is peculiar. Traditionally, cell cycle arrest occurs in
parallel with many types of cell death including apoptosis and autophagy®®®’. Therefore, the lack of
cell cycle indicates that cell death may be occurring faster than cell cycle can be initiated or signalling
for cycle inhibition/prevention of cycle initiation is not occurring. There are several possibilities for
these to occur. For the former explanation, it could be that necrosis is potentially occurring, which
would result in cell death without signalling for cell cycle arrest due to time restraints and lack of
signalling®’. Another possibility is that a MOD that does not rely on induce cell cycle is occurring. It has
been observed that ferroptosis can be inhibited with the induction of cell cycle arrest due to increased
lipid droplet formation®®. However, there is also contradictory information stating that arrest can still
be seen in ferroptotic cells®. Therefore, the lack of cell cycle arrest does not indicate any specific MOA
or MOD at this point. A similar phenomenon may be possible with 6 where 24 hours exposure may be
insufficient for cell cycle arrest at 0.5X 1Cso, or that 0.5X ICso may not be sufficient for arrest signalling

at 24 hours.

Wound healing is a commonly used assay as a model for tissue invasion'®. Here, complex 6 induced

significant inhibition of wound closure over the course of four days as part of a 24-hour exposure plus
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72 hours recovery protocol. However, 6 did not prevent wound closing in the initial 24 hours. This
suggests that an initial activation period or a longer period is required for the MOA of complex 6, which
would further agree with the lack of cell cycle arrest after 24 hours. Inhibition of migration is a desirable
trait of many anticancer treatments, and has been documented by other organometallic complexes,
one being RAPTA-T01-103  Anti-migratory activity of RAPTA-T has been suggested to be due to
inhibition of MMPs°%1%2. MMPs are zinc-dependent endopeptidases and work in the cleavage and
remodelling of the extracellular matrix (ECM), allowing for tumour growth and simulating the
development of neo-vasculature!®. The inhibition of migration therefore is a desirable trait, especially
in EOC where MMP1, MMP2 and MMP9 can be upregulated and associated, but also invasion and
vascularisation is highly observed with stage Il and IV patients often experiencing peritoneal invasion
and metastasis’®%, However, many elements are responsible for invasion including many CCM
qualities and signalling pathways. Therefore, without further experimentation into signalling and

mechanism testing specific reasoning cannot be provided.

Colony formation was used as a model for metastasis by evaluation of cellular survival following
treatment and produce colonies after reseeding, therefore evaluate long-term effects without
treatment present!”. Invasion and metastasis are canonical mechanisms in cancer development.
Platinum complexes have been shown to be effective at preventing colony formation growth on
multiple occasions, with effectiveness extending to oxaliplatin being approved for metastatic
colorectal cancer® %0, This is contrary to several ruthenium complexes where activity has varied, one
example which achieves metastasis inhibition is NAMI-A through a5B1 integrin and FAK auto-
phosphorylation inhibition'1®112, The delay in activity highlighted by cell cycle and would healing
analysis is somewhat seen by the colony formation as 6 at 0.5X I1Cso did induce a decrease in the number
and size of colonies formed, yet colonies still developed. This indicates that 6 could have a delayed
activation, however after an extended period (greater than 72 hours), effectiveness of the complex

subsides, or the MOA of 6 can be repaired or low enough for cells to continue replicating. This
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phenomenon has also been observed in PTX treated cells where after treatment, cells can undergo
death, arrest or continue to proliferate!’®. However, as 6 does not induce cell cycle arrest and the
presence of colonies demonstrates cell survival, this indicates that cells are continuing to proliferate,

but at a reduced capacity.

3-4.4: Mechanism of cell death evaluation of 6

Chemotherapies are often measured by their ability to induce death in cancerous cells. The primary
method of controlled cell death is apoptosis, which can be investigated via annexin V and Pl staining.
The annexin V binds to phosphatidylserine which is flipped from the internal CCM to the external CCM
during early phase apoptosis, while in late phase apoptosis the CCM becomes compromised allowing
for the passage of Pl into the cell to intercalate in DNA and fluorescence*!'*, Complex 6 induced dose
dependant apoptosis with high levels of early and late apoptosis at 2.5X I1Cso, comparable to CDDP and
STS. Apoptosis is the preferred MOD for anticancer treatments for several reasons. Apoptosis is a
universal, often the most common MOD employed by cells, therefore can be applied to many different
types of tissue types!®. In addition, as it is a controlled MOD, residual cellular components can be
cleared while causing minimal damage to surrounding tissues which can occur with other cell types
that permeabilise the CCM such as necrosis®. Therefore, complex 6 being able to achieve apoptosis at
ICso by 24 hours exposure is highly beneficial as anticancer therapeutic, due to the notable resistance
of SKOV3 to many antiproliferative treatments”/118,

To investigate the dose dependant nature of apoptosis seen in flow cytometry and potential signalling
cascade delays of lower doses of complex 6, caspase activity was examined as prominent instigators
and effectors of apoptosis. The activity of the effector caspases Caspase 3/7 was determined and found
to be significantly expressed in all treatment doses of 6. Caspase activation in conjunction with annexin

V fluorescence heavily indicts that complex 6 induces apoptosis, further Caspase 3/7 activity is

proportional to the extent of apoptosis occurring (i.e. low activity levels corelates with low apoptosis

120



levels). The ability to induce significant initiator caspase signalling within 24 hours is noteworthy,
especially as previous experimentation indicates that recovery time is important to antiproliferative
activity as it suggests that 6 may have an extended activity time in the cell. Additionally, Caspase 3/7
activity also indicates that 6 does not induce necrosis at 2.5X I1Cso. As annexin V positive and Pl positive
stained cells cannot be differentiate between late apoptotic cells and primary necrotic cells in vitro,
caspase activity suggests that apoptosis is occurring rather than necrosis!®®. This is highly beneficial as
this indicates cells are dying in a manner that does not induce collateral damage to surrounding cells

and tissues®.

Due to the increased fraction of non-viable cells and decreased protein content, CCM morphology was
investigated using the lipophilic carbocyanine dye Cell Brite Red membrane dye. Upon treatment with
6, cellular size substantially decreased, and further CCM fluorescence decreased in a dose dependant
manner, indicating a decrease in dye CCM integration. The shrinkage of cellular morphology and CCM

decrease further supports the involvement of apoptosis as canonical morphological features?°,

To further investigation type of apoptosis, Caspase 9 activation was questioned due to the compromise
of the AWm. Initiator Caspase 9 activity was only significantly increased in 2.5X ICso doses of 6. This
indicates that complex 6 only induces intrinsic apoptosis higher doses. This suggests that MOD is dose
dependant and other cleavers of Caspase 3/7 such as Caspase 2, 4, 8, and 10 could be utilised at lower
concentrations?!. Further, as apoptosis induction relies upon many different signalling molecules as
part of a wider web of signalling to induce apoptosis, there are many trigger points that can be
activated'?2. Therefore, 6 could potentially affect several different steps in the apoptosis signalling
cascade, meaning a specific variant of apoptosis for lower doses of complex 6 cannot be assigned at

this point such as intrinsic, extrinsic or anoikis, reinforcing a potential multi-modal MOA.

As organometallic complexes can induce a variety of MOA, and the indication at lower concentrations

that other mechanisms of death activating Caspase 3 and 7 being possible, the ability to induce several
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mechanisms of death was also investigated. Due to the substantial decrease in protein content, cell
size, AWm depolarisation, and ROS generation the potential effect of autophagy was investigated.
Complex 6 only induced statistically significant autophagy at 1X ICsp. However, while there was no
statistically significant difference between 6 treated at 2.5X ICso and the negative control (p=0.09)
fluorescence was higher by 0.01 in 2.5X ICso than in 1X ICso treated cells. This is due to due to wider
variation in the replicates of 2.5X ICso treated cells. This suggests that the induction of autophagy is

reliant on a minimum threshold of damage occurring, in addition to being a secondary MOD.

Autophagy is the main process of cellular recycling. Here autophagy was assessed by via
autophagosome marking, therefore cannot differentiate between the three main types of autophagy;
micro, macro and mitochondrial>*?*12%, Due to the cellular damage indicated by AWm depolarisation
and ROS generation assay, coupled with the fractional increase in autophagy, suggests that selective
micro-autophagy and mitophagy is most likely>. This recycling process makes autophagy an important
mechanism in both the development and inhibition of cancer development!?®. Autophagy is used in
cancer cells to regenerate materials for growth due to microenvironment stress, to recover from
starvation, and remove damaged organelles and proteins!?®. The increase in autophagy seen in
complex 6 treated SKOV3 cells could be due to the degradation of damaged cellular components
caused by the MOA of 6, or the degradation of cell components, damaged or undamaged, to aid

recovery.

Due to the ROS inductive capacity of 6, ferroptosis was investigated due to its involvement in lipid
peroxidation, potentially being a cause for the decreased CCM fluorescence. Here, the ferroptosis
inhibitor FER-1 did not notably prevent antiproliferative activity of 6 with only a maximal 17% survival
improvement. FER-1 inhibits the final step of ferroptosis as a radical-trapping antioxidant which
scavenges hydroperoxyl and alkoxyl radicals, which inhibits the chain of lipid peroxidation, preventing
the integration of lipid hydroperoxides into the CCM, and by extension CCM comprimise!?”128,

Therefore, the 6.4-17% increase in survival with combination treatment of 6 and FER-1 may be due to
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the scavenging of radicals in fraction of the cells that do experience ROS generation, preventing lipid
peroxidation and ferroptosis. Therefore, lipid peroxidation and ferroptosis induction may only play a

small part in the overall MOD of complex 6.

3-4.5: Potency enhancement of 6 by co-treatment

Chemotherapeutics are rarely used alone to enable complete eradication due to heterogenous tumour
microenvironments, to prevent the development of resistance, and combination therapy is viewed as
the only way to counteract metastatic disease'?. This is done by utilising therapeutics with differing
MOA, to prevent resistance overlap and treatment redundancy. Additionally, ferroptosis is considered
to be the only MOD cancer cells cannot escape from**°, Therefore, the combination of apoptotic and

ferroptotic MOD has the potential to be a highly effective antiproliferative regimen.

At current, ferroptosis inducers have had little success in clinical trial thus far. At current, Sorafenib is
the only clinically approved treatment that can induce ferroptosis, yet it is branded as a multi-kinase
inhibitor that can also induce ferroptosis®®L. In this work, the ferroptosis inducer ERA was used. Erastin
named for its ability to irradicate RAS and ST-expressing cells, ERA works by irreversibly inhibiting the
cystine-glutamate antiporter (system X¢™) and binding to the mitochondrial voltage channels 2 and 3%2,
While ERA has been shown to be highly potent in many cell lines and here with a potent ICso of 5.38
UM in SKOV3131-133 However, in vivo ERA has had documented issue with solubility, which can be
solved with the imidazole ketone modification, which further improved potency®l. Here the co-
treatment of ERA with complex 6 produced highly potent antiproliferative activity achieving near
complete eradication of cell survival. The enhancement in activity seen here could be due to the
parallel signalling mechanism used in by ferroptosis and apoptotic signalling. Improved activity could
also be due to GSH reduction by the system Xc inhibition. As demonstrated by the UV-Vis
experimentation, complex 6 interacts with GSH, however at current, it is unknown if this is as part of

a detoxification method or a catalytic method such as seen the biphenyl derivative of FY26 as

123



previously discussed®. However, if GSH concentration in the cell is reduced due to ERA, 6 is then
available to induce other interactions in the cell. This observation of organometallic complex potency
improvement has also been seen with the co-treatment with L-BSO which reduces GSH concentration
by inhibiting y-glutamylcysteine synthetase, the rate limiting enzyme of GSH synthesis3®!34,
Furthermore, L-BSO has successfully been used in a variety of chemotherapeutic and radiotherapeutic

treatments with high success rates where in some cases potency increases by 2.3X in A27803%1357137,

With this knowledge, cells were co-treated with complex 6 or 1 with L-BSO in SKOV3 and A2780, and
potency was significantly improved. This highly supports the previous suggestions of GSH binding to
these complexes in the co-ordination sphere, leading to the decrease in their potency. Therefore, when
GSH synthesis is inhibited, complex-GSH conjugate formation is prevented, allowing for the complexes
to elicit their MOA*%, However, the improvement of potency of 6 in SKOV3 was only ~54% of the
improvement seen in A2780. This suggests that other intrinsic resistance mechanisms employed by
SKOV3 cells may be preventing the full activity of 6 which are allowed in A2780. This can be attributed
to the many differences between the SKVO3 and A2780 cell lines and highlights the importance of
screening multiple in the assessment of complex and its MOA. This was highlighted in antiproliferative
screening and the many features shown by the SKOV3 cell line which increase the difficulty to induce
apoptosis and death®” 7%, This highlights that a multi-MOA of treatment is highly beneficial as a non-
targeted treatment. This also highlights that the most impotent of treatments can be significantly

improved with small, non-toxic, co-treatments such as L-BSO**%,
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3-5: Conclusion

Organometallic complexes are gaining popularity as potential antiproliferative agents in difficult to
treat cancers. However, with the desire to design more intricate complexes to achieve higher
secondary functions, smaller modifications are often overlooked. In line with the aim of this chapter,
methyl modifications of the phenyl ring of [Ru(n®-p-Cym)(ImPy)CI]PFs complexes were investigated.
Following the successful synthesis and chemical characterisation, these complexes were found to
express moderate activity in a variety of EOC cell lines while maintaining inactivity in normal lung
fibroblasts. Further, methyl modifications only enhanced activity due to improving lipophilicity of the
complexes. However, complex 6 was found to have promising activity compared to the other
complexes. Treatment with 6 can induce several MOA including AWm depolarisation, ROS generation,
wound healing inhibition and colony formation inhibition. Yet remarkably, 6 was found to induce
several MOD including apoptosis, in addition to limited autophagy and ferroptosis, while not inducing
uncontrolled death such as necrosis. Further, co-treatment of cells with complex 6 and GSH synthesis

inhibitors was found to significantly improve the antiproliferative activity.

These findings highly suggest a multi-modal MOA of complex 6, which can lead into the activation of
multiple different MOD in SKOV3, making it a highly effective treatment in combination therapy. This
quality is greatly beneficial in the treatment of EOC and other cancers which require a multi-targeted

approach.
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4-1: Introduction

4-1.1: DNA control, damage, and repair

DNA is one of the most highly regulated and controlled elements in the cell, even when highly
dysregulated in cancer!. Due to the many levels of DNA regulation from its synthesis to its expression,

there is a wide range of targets available to non-targeted treatments shown in Figure 4-12.

Punne. Pyrimidine
synthesis

L. synthesis

inhibitors \ / inhibitors
Nucleotide Ribonucleotide

interconversion \ / reductase

inhibitors inhibitors

dTMP synthesis A G Histone enzyme
inhibitors ' I inhibitors
A TIGRAJGETRGEIGRARBARG]ET
DNA Al / RNA synthesis
damaging agents "~ inhibitors

Figure 4-1: Variety of DNA-targeting treatment families that can be used in cancer treatment

highlighting that DNA damage can occur from the prevention of successful DNA synthesis by

preventing the effective synthesis of nucleobases to the inhibition of transcription preventing
effective synthesis of RNA.

DNA synthesis ‘
inhibitors

To allow for the multiple levels of control DNA has several layers of structure:
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e Primary structure — single strand DNA (ssDNA) formation of the sugar-phosphate back bone
of deoxynucleotides by phosphodiester bonds.
e Secondary structure — formation of double strand DNA (dsDNA) by hydrogen bonding between
Adenine with Thymine and Guanine with Cytosine.
e Tertiary structure — winding of dsDNA to form helices.
e Quaternary structure — dsDNA helices are wound and unwound around histone proteins
forming nucleosomes?.
Furthermore, each of these layers of structure can be damaged in a multitude of ways (Figure 4-2)*.
Damage types include nucleotide mutations, development of apurinic sites, nucleotide deletion, DNA
adduct formation, mismatch pairing, ssDNA breaks, dsDNA breaks and DNA strand cross-links*>. DNA
damaging agents can directly affect the DNA strand, like CDDP along with its second-generation
complexes Oxaliplatin and Carboplatin. These are effective at inducing DNA damage by directly binding
to two Guanine-N7 and inducing mono, inter and intra-strand cross-links in addition to causing dsDNA
breaks, the most lethal form of DNA damage®°. CDDP has also been known to induce ROS and calcium
release, all culminating in intrinsic apoptosis®. DNA damage can also occur through inhibition of
associated DNA machinery. For example Etoposide induces ssDNA and dsDNA breaks by reversable
inhibition of DNA topoisomerase 112, Topoisomerase Il which unwinds, cleaves and reseals sdDNA,
therefore when etoposide binds it causes stabilisation of the cleavable complex, preventing resealing
of strand breaks, leading to intrinsic apoptosis p53 dependently and cell death''2, Another example is
Trichostatin A (TriA), a hydroxamic acid derivative'*?>, As a bidentate zinc chelator with a rigid diene
spacer, TriA inhibits histone deacetylase (HDAC) class | and Il activity through occupying the HDAC
substrate channel®®. Furthermore, TriA has also been documented to induce anti-oxidant and anti-
inflammatory activity by increasing GSH and catalyse levels, reducing interleukin and NF-kB, and

inducing p53 dependant apoptosis and decreasing MMP enzyme activity*>1°.
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Figure 4-2: Different types of DNA strand damage possible due to endogenous and exogenous
causes: a). Small scale nucleobase damage from oxidative, alkylating and deamination events, b).
Large scale nucleotide damage causing bulky adducts, c). Single strand DNA (ssDNA) breaks due to

backbone damage, d). Nucleotide base mismatch from faulty synthesis, e). Double strand DNA
(dsDNA) breaks from large scale backbone damage, f). DNA cross linkage usually though di-adduct

formation.

In cancer, there is a global alteration in genomic regulation to promote expression of oncogenes and
reduce expression of tumour suppressors. To aid this, cancer cells develop defective DNA repair
mechanisms to increase genomic instability and mutation to aid tumour development?’. By taking
advantage of compromises in repair, DNA is frequently targeted by cancer therapeutics due to DNA
damage being a predominant inducer apoptosis and being a consistent viable target across all cancer
types. Yet, DNA targeting treatments are coupled with significant side effects, for example CDDP
induces significant gastrointestinal and nephrotoxicity while etoposide can induce secondary
cancers'>!8, Therefore, there is a continual need to develop new, DNA targeting complexes that do not

share this toxicity, and organometallic complexes like RM175 can achieve this'®.

4-1.2: Spacers, linkers, and bridges used in organometallic complexes

The use of specialised functional groups to join two independently active groups in pharmaceuticals
has been widely explored and exploited to improve the potency and efficacy of treatments, especially
so in antibody-drug conjugates®. Dependant on their properties, these functional groups can be known

as linkers, bridges, or spacers, and fall into two main categories: cleavable or non-cleavable. Cleavable
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connectors can be chemically severed producing two daughter molecules, while non-cleavable

connectors are transported and maintained as a singular molecule to their target.

In organometallic complexes, there has been interest in the binding of biologically relevant molecules
to a complex to take advantage of potential uptake mechanisms and prevent detoxification using
bridges, linkers, and spacers. One key example is the use of glucose and other sugar derivatives in
auxiliary ligands designed to take advantage of the altered glucose uptake and metabolic regulation in
cancer (Figure 4-3e). Using sugars such as glucose, mannose and rhamnose, complexes exhibited
moderate to significant potency against prostate cancer?!. Other examples include the use of
nucleobase derivatives in the organometallic structures, which theoretically allows for DNA
interactions and synthesis inhibition when integrated while also harnessing the MOA traits of

organometallic complexes including AWm depolarisation and ROS generation?>23,

Bioactive groups have not been limited to biological molecules. There have been significant
advancements in the conjugation of organometallic complexes to other cytotoxic treatments. Key
examples are the conjugation of ferrocene to tamoxifen, to PTX and to 5-flurouracil (Figure 4-3a, b, and
c)?2. There are also instances of SAHA, a HDACi being conjugated to organometallic piano-stool
complexes (Figure 4-3d)?*. Shown by the variety of applications complexes with active cargos and
linkers exhibit, there is potential for their use to improve current treatments. However, the use of
linkers and cargo attachment on the potency of a complex is highly unpredictable. This is shown by the
potencies of the Figure 4-3e sugar derivatives with the glucose form being highly ineffective while the
mannose derivative is highly potent?l. Furthermore, the SAHA derivatives are less potent than their
HDACi unchelated derivatives, while the tamoxifen and PTX organometallic conjugates both exhibit

nanomolar 1Cs values?:2%24:25,
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Figure 4-3: Selection of organometallic complexes that use linkers, spacers, or bridges between
bioactive molecules and organometallic moieties. a). ferrocifen, b). ferrocene-5-fluorouracil
conjugate, c). ferrocene-paclitaxel conjugate, d). ruthenium-SAHA conjugate, e). ruthenium-sugar
conjugate.

4-1.3: Alkyl chain spacers

In the current literature, there are many examples of alkyl chains being used on the periphery of

complexes to improve potency, alter structure and shift MOA?>26-28, These chains are most often used
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as a spacer between the complex and an active cargo/moiety or to synthesise di/multi-nuclear

complexes tot allow for enough steric space between the active moieties (Figure 4-4)3°,

There is very little research the use of a spacer within a bidentate ligand. Early work was done in

)3L. These structures were used to assess transfer-

osmium ImPy piano-stool complexes (Figure 4-5
hydrogenation catalysis and enable classical resolution for chirality differentiation®!. While extensive
antiproliferative screening was performed with the complexes with the added chiral carbon as part of
the NCI-60 activity screen with highly efficacy for both isomers3l. However, limited comparable
antiproliferative screening between the complexes with and without the spacer have been done.

Nonetheless, this screening in EOC A2780 indicated a substantial increase in potency both chlorine and

iodine monodentate complexes is indicated3!733,

0
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Figure 4-4: Examples of complexes that use alkyl spacers to attach cargo. a). ferrocene-5-fluorouracil
conjugates with varying methyl side chain length, b). cisplatin-derivative polymers, c). RAPTA-C
derivative binuclear complexes with varying spacer length and type.
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Figure 4-5: Osmium piano-stool complexes synthesised a). without and b). with an alkyl spacer to
introduce a chiral carbon within the complex bidentate ligand to assess isomerism in transfer
hydrogenation activity3!. However limited antiproliferation studies were done3'-%3,

4-1.4: Overview of work in Chapter 4

This chapter assessed the potential of a spacer bioisostere within the ImPy bidentate ligand of
ruthenium piano-stool complexes by generating a series of [Ru(n®p-Cym)(ImPy)X]PFs and [Ru(n®-p-
Cym)(ImPy-Bn)X]PFs complexes. Physiochemical, biological and antiproliferative activity in a variety of
cell lines was carried out to determine structure activity relationships. The best candidate pair,
complexes 7 and 9, were then taken forward for comparison and to understand differences in MOA in

the EOC cell line A2780 with particular attention to DNA damage induced by the complexes.
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4-2: Experimental section

4-2.1: Ligand and complex synthesis

ImPy ligands used in this chapter are shown in Figure 4-6. Ligands were synthesised using the synthetic
scheme shown in Scheme 2-1, except for ImPy-4-OH which was previously synthesised*. Full synthetic

information is given in Appendix Il. Ligands L1 and L2 were previously used in Chapter 3.

11 =~ | = 12 z L8 z =
N NG NaG NaG
N N N /

/N
\I

N
\ OH
114 (- z e L15 = Z Y 117
N N
N =

cl

vty ins
/_\

2

2

O
d 2\

cl

Figure 4-6: Structures of the 14 ligands used in Chapter 4 with the differing active groups highlighted
in blue. Ligands are presented in pairs with and without the spacer.
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Complexes were then synthesised using the synthetic scheme shown in Scheme 2-1. Complexes 1 and

2 were previously synthesized in Chapter 3.

According to reaction scheme 2-2, diiodo(p-cymene)ruthenium(ll) dimer (126.8 mg, 0.13 mmol) was
mixed with L1 (47.24 mg, 0.26 mmol). Following which ammonium hexafluorophosphate (105.7 mg,
0.65 mmol) was added producing a solid weighing 104.9 mg (58.96%). 'H NMR (400 MHz; DMSO-ds)
0.96 (d, J=6.8 Hz, 3H), 1.00 (d, J=7.0 Hz, 3H), 2.36 (s, 3H), 2.60 (m, 1H), 5.60 (d, J=6.3 Hz, 1H), 5.66 (d,
J=6.3 Hz, 1H), 5.80 (d, J=6.3 Hz, 1H), 6.01 (d, J=6.3 Hz, 1H), 7.63 (m, 3H), 7.83 (qd, J=5.8, 2.2 Hz, 1H),
7.87 (dd, J=8.1, 1.8 Hz, 2H), 8.27 (dd, J=7.9, 0.96 Hz, 1H), 8.31 (dd, J=8.2, 2.2 Hz, 1H), 8.88 (s, 1H), 9.56
(d, J=5.5 Hz, 1H). 3C NMR (400 MHz; DMSO-ds) 19.83, 21.51, 27.72, 31.01, 85.80, 85.95, 86.24, 86.26,
101.78, 107.54, 123.19, 128.42, 129.48, 130.01, 130.30, 139.62, 152.19, 154.55, 157.29, 167.35. m/z
(ESI-MS) found a highest intensity peak for the fragment of 545.00, with a calculated of 545.00 (M+

[C22H24|N2RU]+).

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (303.7 mg, 0.50 mmol) was
mixed with L7 (194.7 mg, 0.99 mmol). Following which ammonium hexafluorophosphate (404.2 mg,
2.48 mmol) was added, solid was precipitated and recrystalised using chilled ethanol and water
producing a solid weighing 410.2 mg (63.05%). *H NMR (400 MHz; DMSO-dg) & 0.90 (d, J=7.0 Hz, 3H),
0.99 (d, J=6.7 Hz, 3H), 2.11 (s, 3H), 2.51 (m, 1H), 5.47 (dd, J=15.9, 1.2 Hz, 1H), 5.70 (dd, J=15.8, 1.7 Hz,
1H), 5.87 (d, J=9.2 Hz, 1H), 5.88 (d, J=9.1 Hz, 1H), 5.99 (d, J=6.1 Hz, 1H), 6.25 (d, J=6.2 Hz, 1H), 7.50 (m,
5H), 7.79 (qd, J='5.81, 3.07 Hz, 1H), 8.22 (m, 2H), 8.44 (s, 1H), 9.54 (d, J=5.5 Hz, 1H). *C NMR (400 MHz;

DMSO-ds) 6 18.05, 18.38, 21.48, 22.03, 30.43, 57.60, 68.66, 83.86, 84.20, 84.39, 87.62, 103.71, 104.37,
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128.25, 128.88, 129.06, 129.33, 129.89, 134.35, 139.70, 154.49, 155.85, 167.21. m/z (ESI-MS) found a

highest intensity peak for the fragment of 467.08, with a calculated of 467.08 (M+ [Ca3H26CIN2Ru]*).

According to reaction scheme 2-2, diiodo(p-cymene)ruthenium(ll) dimer (505.7 mg, 0.51 mmol) was
mixed with L7 (186.5 mg, 1.02 mmol). Following which ammonium hexafluorophosphate (416.6 mg,
2.56 mmol) was added, solid was precipitated and recrystalised using chilled ethanol and water
producing a solid weighing 214.1 mg (29.77%). *H NMR (400 MHz; DMSO-dg) & 0.90 (d, J=7.2 Hz, 3H),
1.07 (d, J=7.0, 3H) 2.39 (s, 3H), 2.70 (m, 1H), 5.49 (d, J=15.9 Hz, 1H), 5.71, (dd, J=16.0, 1.7 Hz, 1H), 5.96
(t, J=5.9 Hz, 2H), 6.05 (d, J=6.1 Hz, 1H), 6.16 (d, J=6.3, 1H), 7.51 (m, 5H), 7.73 (qd, J=5.5, 1.6 Hz, 1H),
8.17 (td, J=7.8, 1.2 Hz, 1H), 8.24 (dd, J=7.9, 1.4 Hz, 2H), 9.52 (d, J=5.5 Hz, 1H). 3C NMR (400 MHz;
DMSO-ds) 20.57, 21.89, 22.50, 31.52, 70.52, 84.90, 85.51, 85.85, 87.31, 102.45, 107.33, 127.79,
128.26, 129.51, 129.67, 130.02, 130.52, 134.63, 139.79, 154.96, 157.45, 166.39. m/z (ESI-MS) found a

highest intensity peak for the fragment of 559.02, with a calculated of 559.02 (M+ [Ca3H26IN2Ru]*).

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (110.1 mg, 0.18 mmol) was
mixed with L8 (75.6 mg, 0.36 mmol). Following which ammonium hexafluorophosphate (146.5 mg,
0.90 mmol) was added producing a solid weighing 183.0 mg (83.17%). '*H NMR (400 MHz; DMSO-ds) &
0.91 (d, J=7.0 Hz, 3H), 1.00 (d, J=6.9 Hz, 3H), 2.13 (s, 3H), 2.36 (s, 3H), 2.55 (m, 1H), 5.39 (d, J=16.2 Hz,
1H), 5.68 (dd, J=16.1, 1.5 Hz, 1H), 5.88 (d, J=6.2 Hz, 1H), 5.91 (d, J=6.0 Hz, 1H), 6.05 (d, 6.1 Hz, 1H), 6.25
(d, J=6.2 Hz, 1H), 7.31 (d, J=8.0 Hz, 2H), 7.37 (d, J=8.00 Hz, 2H), 7.79 (dd, J=5.5, 4.7Hz, 1H), 8.21 (d, J=4.2
Hz, 2H), 8.36 (s, 1H), 9.54 (d, J=5.6 Hz, 1H). 3C NMR (400 MHz; DMSO-ds) 6 18.38, 20.89, 21.50, 22.00,

30.44, 68.38, 83.90, 84.16, 84.51, 87.57, 103.64, 104.35, 128.18, 129.28, 129.67, 129.92, 131.26,

142



138.24, 139.66, 154.52, 155.82, 166.60. m/z (ESI-MS) found a highest intensity peak for the fragment

of 481.09, with a calculated of 481.10 (M+ [C24H25CIN2RuU]?).

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (86.04 mg, 0.14 mmol) was
mixed with ImPy-4-OH (53.6 mg, 0.27 mmol). Following which ammonium hexafluorophosphate
(110.2 mg, 0.68 mmol) was added producing a solid weighing 133.6 mg (80.08%). *H NMR (400 MHz;
DMSO-ds) 6 0.97 (dd, J=6.9, 4.7 Hz, 6H), 2.17 (s, 3H), 2.48 (m, 1H), 5.61 (s, 2H), 5.76 (d, J=6.2 Hz, 1H),
6.09 (d, J=6.2 Hz, 1H), 6.97 (dt, J=8.9, 2.5 Hz, 2H), 7.67 (dt, J=8.9, 2.5 Hz, 2H), 7.84 (qd, J=5.6, 1.6 Hz,
1H), 8.21 (d, J=7.7, 1.0 Hz, 1H), 8.28 (td, J=7.7, 1.2 Hz, 1H), 8.81 (s, 1H), 9.53 (d, J=5.5 Hz, 1H). **C NMR
(400 MHz; DMSO-dg) 6 18.33, 21.62, 21.70, 30.48, 84.56, 85.10, 86.46, 86.69, 103.75, 104.64, 115.73,
119.05, 124.30, 128.41, 129.36, 139.85, 143.60, 154.81, 155.86, 158.98, 165.00. m/z (ESI-MS) found a

highest intensity peak for the fragment of 469.06, with a calculated of 469.06 (M+ [C22H24N2OCIRul*).

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (109.0 mg, 0.18 mmol) was
mixed with L9 (75.5 mg, 0.36 mmol). Following which ammonium hexafluorophosphate (145.1 mg,
0.89 mmol) was added producing a solid weighing 199.3 mg (89.16%). 1H NMR (400 MHz; DMSO-ds) 6
0.98 (d, J=6.9 Hz, 6H), 2.16 (s, 1H), 2.49 (m, 1H), 4.64 (d, J=5.7 Hz, 2H), 5.44 (t, J=5.7 Hz, 1H), 5.60 (dd,
J=9.0, 2.5 Hz, 2H), 5.76 (d, J=6.3 Hz, 1H), 6.10 (d, J=6.2 Hz, 1H), 7.56 (d, J=8.5 Hz, 2H), 7.77 (d, 8.5 Hz,
2H), 7.88 (qd, J= 5.8, 1.7 Hz, 1H), 8.27 (dd, J= 7.8, 1.3 Hz, 1H), 8.31 (td, J=7.6, 1.3 Hz, 1H), 8.91 (s, 1H),
9.57 (d, J=5.4 Hz, 1H). 13C NMR (400 MHz; DMSO-d¢) 6 18.32, 21.60, 21.72, 30.51, 62.25, 84.77, 85.11,
86.28, 86.53, 103.62, 104.97, 122.35, 127.12, 128.84, 129.97, 139.95, 144.50, 150.31, 154.58, 155.98,
167.32. m/z (ESI-MS) found a highest intensity peak for the fragment of 483.08, with a calculated of

483.08 (M+ [C23H26N20OCIRUT*).
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4-2.1.7: Complex 13 - Ru(L10)CI(PFg), [Ru(n®-p-Cym)(ImPy-(CH.).-4-OH)CI]PFs

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer ((106.4 mg, 0.17 mmol) was
mixed with L10 (78.6 mg, 0.35 mmol). Following which ammonium hexafluorophosphate (141.6 mg,
0.87 mmol) was added producing a solid weighing 194.6 mg (87.23%). *H NMR (400 MHz; DMSO-d¢) 6
0.98 (d, J=6.9 Hz, 6H), 2.16 (s, 1H), 2.51 (m, 1H), 2.86 (t, J=6.8 Hz, 2H), 3.37 (s, 1H), 3.70 (t, J=6.9 Hz,
2H), 5.58 (d, J=6.2 Hz, 1H, 5.63 (d, J=6.3 Hz, 1H), 5.76 (d, J=6.2 Hz, 1H), 6.10 (d, J=6.4, 1H), 7.47 (d, J=8.4
Hz, 2H), 7.72 (d, J=8.4 Hz, 2H), 7.88 (qd, J=5.6, 2.7 Hz, 1H), 8.25 (dd, J=7.7, 1.3 Hz, 1H), 8.31 (td, J=7.7,
1.3 Hz, 1H), 8.89 (s, 1H), 9.57 (d, J=5.5 Hz, 1H). 3C NMR (400 MHz; DMSO-d¢) 6 18.32, 21.58, 21.74,
30.50, 38.56,61.77,84.77,85.08, 86.22, 86.60, 103.60, 104.94, 122.33,128.79, 129.86, 139.94, 141.83,
149.78, 154.59, 155.97, 167.14. m/z (ESI-MS) found a highest intensity peak for the fragment of 497.09,

with a calculated of 497.09 (M+ [C24H2sN2OCIRul*).
4-2.1.8: Complex 14 - Ru(L11)CI(PFs), [Ru(n®-p-Cym)(ImPy-4-OMe)CI]PFs

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (113.9 mg, 0.19 mmol) was
mixed with L11 (79.0 mg, 0.37 mmol). Following which ammonium hexafluorophosphate (151.1 mg,
0.93 mmol) was added producing a solid weighing 223.7 mg (95.77%). '*H NMR (400 MHz; DMSO-ds) &
0.98 (d, J=6.9, 6H), 2.17 (s, 3H), 2.47 (m, 1H), 3.88 (s, 3H), 5.60 (d, J=5.9 Hz, 1H), 5.63 (d, J=6.3 Hz, 1H),
5.77 (d, J=6.3 Hz, 1H), 6.10 (d, J=6.3 , 1H), 7.17 (dt, J=9.0, 2.1 Hz, 2H), 7.78 (dt, J=8.9, 2.1 Hz, 2H), 7.86
(gd, J=5.6, 1.7 Hz, 1H), 8.23 (dd, J=7.7, 1.3 Hz, 1H), 8.30 (td, J=7.7, 1.2 Hz, 1H), 8.86 (s, 1H), 9.55 (d,
J=5.4 Hz, 1H). *C NMR (400 MHz; DMSO-d¢) 6 18.32, 21.58, 21.75, 30.49, 55.67, 84.67, 85.07, 86.40,
86.55,103.71,104.77,114.51, 124.16, 128.58, 129.60, 139.89, 144.88, 164.72,155.92, 160.25, 165.98.
m/z (ESI-MS) found a highest intensity peak for the fragment of 483.078, with a calculated of 483.08

(M+ [C23H26N2OCIRu]*).
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4-2.1.9: Complex 15 - Ru(L12)CI(PF¢), [Ru(n®-p-Cym)(ImPy-Bn-4-OMe)CI]PFs

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (113.1 mg, 0.18 mmol) was
mixed with L12 (83.6 mg, 0.37 mmol). Following which ammonium hexafluorophosphate (150.5 mg,
0.92 mmol) was added producing a solid weighing 201.3 mg (84.89%). *H NMR (400 MHz; DMSO-d¢) &
0.92 (d, J=6.9 Hz, 3H), 1.01 (d, J=6.9 Hz, 3H) 2.13 (s, 3H), 2.56 (m, 1H), 3.80 (s, 3H), 5.35 (d, J=16.1 Hz,
1H), 5.68 (dd, J=16.1, 1.2 Hz, 1H), 5.90 (d, J=6.3 Hz, 1H), 5.92 (d, J=6.3 Hz, 1H), 6.09 (d, J=6.0 Hz, 1H),
6.25 (d, J=6.3 Hz, 1H), 7.05 (dt, J=8.7, 1.8 Hz, 2H), 7.39 (dt, J=8.5, 1.8 Hz, 2H), 7.78 (m, 1H), 8.20 (d,
J=4.4 Hz, 2H), 8.33 (s, 1H), 9.54 (d, J=5.5 Hz, 1H). 3C NMR (400 MHz; DMSO-dg) & 18.40, 21.51, 22.02,
30.45,55.20, 68.07, 83.87, 84.14, 84.57, 87.61, 103.67, 104.31, 114.45, 126.14, 128.14, 129.23, 131.45,
139.66, 154.55, 155.83, 159.55, 166.25. m/z (ESI-MS) found a highest intensity peak for the fragment

of 497.10, with a calculated of 497.09 (M+ [C24H2sN2OCIRul*).
4-2.1.10: Complex 16 - Ru(L13)CI(PFg), [Ru(n®-p-Cym)(ImPy-Bn-2-OMe)CI]PF

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (111.8 mg, 0.37 mmol) was
mixed with L13 (82.6 mg, 0.37 mmol). Following which ammonium hexafluorophosphate (148.8 mg,
0.91 mmol) was added producing a solid weighing 147.4 mg (62.88%). 'H NMR (400 MHz; DMSO-ds) &
0.95 (d, J=7.0 Hz, 3H), 1.01 (d, J=6.9 Hz, 3H), 2.17 (s, 3H), 2.57 (m, 1H), 2.81 (s, 3H), 5.20 (d, J=16.6 Hz,
1H), 5.77 (d, J=16.5 Hz, 1H), 5.09 (d, J=5.8 Hz, 2H), 6.14 (d, J=6.1 Hz, 1H), 6.26 (d, J=6.2 Hz, 1H), 7.07 (t,
J=7.4 Hz, 1H), 1.18 (d, J=8.4 Hz, 1H), 7.40 (dd, J=7.4 , 1.6 Hz, 1H), 7.50 (m, 1H), 8.22 (m, 3H), 9,54 (d,
J=5.5 Hz, 1H). *C NMR (400 MHz; DMSO-d¢) 6 18.48, 21.39, 21.96, 30.49, 55.50, 64.36, 83.34, 83.89,
85.12, 87.82, 103.84, 104.28, 111.66, 120.89, 121.66, 128.10, 129.21, 131.12, 131.91, 139.67, 154.53,
155.85, 157.83, 165.30. m/z (ESI-MS) found a highest intensity peak for the fragment of 497.09, with a

calculated of 487.09 (M+ [Ca4H2sN2OCIRuU]*).
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4-2.1.11: Complex 17 - Ru(L14)CI(PFs), [Ru(n®-p-Cym)(ImPy-4-Cl)CI]PFs

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (94.3 mg, 0.15 mmol) was
mixed with L14 (66.7 mg, 0.31 mmol). Following which ammonium hexafluorophosphate (125.5 mg,
0.77 mmol) was added producing a solid weighing 179.3 mg (92.07%). *H NMR (400 MHz; DMSO-d¢) &
0.97 (d, J=1.50 Hz, 3H), 0.99 (d, J=1.45 Hz, 3H), 2.36 (s, 3H), 2.59 (m, 1H), 5.59 (d, J=6.3 Hz, 1H), 5.71
(d, J=6.3 Hz, 1H), 5.79 (d, J=6.2 Hz, 1H), 6.01 (d, J=6.3 Hz, 1H), 7.72 (dt, J=8.8, 2.1 Hz, 3H), 7.84 (dt, J=8.8,
2.1 Hz, 3H), 7.90 (qd, J=5.5, 1.7 Hz, 1H), 8.27 (dd, J=7.6, 1.5 Hz, 1H), 8.23 (dd, J=7.6, 1.3 Hz, 1H), 8.32
(td, J=7.6, 1.1 Hz, 1H), 8.88 (s, 1H), 9.56 (d, J=5.5 Hz, 1H). *C NMR (400 MHz; DMSO-d¢) 6 18.34, 21.61,
21.77, 30.50, 84.75, 84.85, 86.06, 86.73, 103.89, 105.15, 124.38, 129.07, 129.59, 130.29, 134.07,
140.01, 150.46, 154.42, 156.06, 168.51. m/z (ESI-MS) found a highest intensity peak for the fragment

of 487.03, with a calculated of 487.03 (M+ [C2,H23Cl:N,Rul?).
4-2.1.12: Complex 18 - Ru(L15)CI(PFs), [Ru(n°-p-Cym)(ImPy-2-Cl)CI]PF¢

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (110.0 mg, 0.18 mmol) was
mixed with L15 (77.8 mg, 0.36 mmol). Following which ammonium hexafluorophosphate (146.0 mg,
0.90 mmol) was added producing a solid weighing 201.8 mg (88.83%). 'H NMR (400 MHz; DMSO-ds) &
0.95 (d, J=6.9 Hz, 3H), 1.00 (d, J=6.9 Hz, 3H), 2.12 (s, 3H), 2.60 (m, 1H), 5.36 (d, J=6.3 Hz, 1H), 5.72 (d,
J=6.1 Hz, 1H), 5.80 (d, J=6.4 Hz, 1H), 6.13 (d, J=6.3 Hz, 1H), 7.59 (m, 2H), 7.85 (qd, J=7.8, 2.0 Hz, 2H),
7.97 (m, 1H), 8.36 (d, J=4.2 Hz, 2H), 9.09 (s, 1H), 9.67 (d, J=5.5 Hz, 1H). 3C NMR (400 MHz; DMSO-d¢) &
18.30, 21.39, 21.90, 30.57, 84.59, 85.53, 86.20, 86.99, 102.70, 105.77, 123.35, 124.78, 128.44, 129.79,
130.44, 130.64, 130.84, 140.32, 148.57, 153.85, 156.32, 172.81. m/z (ESI-MS) found a highest intensity

peak for the fragment of 487.03, with a calculated of 487.03 (M+ [C;H23CI2N,Rul]”).
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According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (110.7 mg, 0.18 mmol) was
mixed with L16 (83.4 mg, 0.36 mmol). Following which ammonium hexafluorophosphate (147.3 mg,
0.90 mmol) was added producing a solid weighing 161.9 mg (69.28%). *H NMR (400 MHz; DMSO-d¢) &
0.92 (d, J=6.9 Hz, 3H), 1.10 (d, J=7.0 Hz, 3H), 2.11 (s, 3H), 2.57 (m, 1H), 5.46 (d, J=15.9 Hz, 1H), 5.47
(dd, J=16.0, 1.3 Hz, 1H), 5.91 (t, J=5.1 Hz, 2H), 6.11 (d, J=6.3 Hz, 1H), 6.25 (d, J=6.4 Hz, 1H), 7.50 (dt,
J=8.5, 2.2 Hz, 2H), 7.56 (dt, J=8.5, 2.2 Hz, 2H), 7.80 (qd, J=5.7, 2.2 Hz, 1H), 8.18-8.25 (m, 2H), 8.44 (s,
1H), 9.54 (d, J=5.6 Hz, 1H). 3C NMR (400 MHz; DMSO-d¢) & 18.34, 21.49, 22.01, 30.45, 67.73, 84.10,
84.34, 84.44, 87.45, 103.46, 104.56, 128.29, 129.00, 129.34, 131.92, 133.23, 133.51, 139.71, 154.46,
155.84, 167.38. m/z (ESI-MS) found a highest intensity peak for the fragment of 501.04, with a

calculated of 501.04 (M+ [C3H25CI2N2Rul*).

According to reaction scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (110.7 mg, 0.18 mmol) was
mixed with L17 (147.3 mg, 0.90 mmol). Following which ammonium hexafluorophosphate (147.3 mg,
0.90 mmol) was added producing a solid weighing 190.5 mg (81.39%). 'H NMR (400MHz; DMSO-ds) &
0.97 (d, J=6.8 Hz, 3H), 1.04 (d, J=6.9 Hz, 3H), 2.17 (s, 3H), 2.63 (m, 1H), 5.40 (dd, J=17.3, 2.0 Hz, 1H),
5.92-6.02 (m, 3H), 6.2 (d, J=6.0 Hz, 1H), 3.60 (d J=6.3 Hz, 1H), 7.48-7.61 (m, 3H), 7.65 (dd, J=7.7, 1.4 Hz,
1H), 7.80 (qd, J=5.7, 2.4 Hz, 1H), 8.16 (t, J=1.8 Hz, 1H), 8.22 (m, 2H), 9.56 (d, J=9.6 Hz, 1H). *C NMR
(400 MHz; DMSO-ds) 6 18.43, 21.58, 21.96, 30.58, 66.08, 84.13, 84.90, 87.54, 103.68, 104.53, 128.18,
128.33, 129.50, 130.09, 131.32, 131.43, 133.19, 134.42, 139.73, 154.40, 155.91, 165.60. m/z (ESI-MS)
found a highest intensity peak for the fragment of 501.04, with a calculated of 501.04 (M+

[C23H25C|2N2RU]+).
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4-2.2: Aqueous solution behaviour experimentation

4-2.2.1: ctDNA binding using UV-Vis spectrometry

Lyophilised ctDNA sodium salt was dissolved in 10% (v/v) methanol in PBS to prepare a 1 mg/mL stock
solution, from which final assay titre concentrations ranging from 0.5 to 0.01 mg/mL were diluted.
Complexes 7 and 9 were diluted to a final concentration of 150 uM of 3.75% (v/v) DMSO in PBS. The
complexes and the ctDNA dilutions were mixed with a total volume of 200 puL in a clear 96 well plate
with each titre concentration in quadruplicate. The plate was then shaken for 30 minutes at room

temperature, following which UV-Vis spectra were collected.
4-2.2.2: 9-Ethyl Guanine binding using UV-Vis spectrometry

9-Ethyl Guanine (9EtG) was dissolved to prepare a 1200 uM stock solution in 5% (v/v) methanol in PBS,
from which final assay titre concentrations ranging from 600 to 10 uM were diluted. Complexes 7 and
9 were diluted to a final concentration of 150 uM of 3.75% (v/v) DMSO in PBS. The complexes and the
9EtG dilutions were mixed with a total volume of 200 pL in a clear 96 well plate with each titre
concentration in quadruplicate. The plate was then shaken for 30 minutes at room temperature,

following which UV-Vis spectra were collected.

4-2.3: Cell Studies in A2780

For all following experiments, A2780 cells were treated with full media as a negative control. All
treatments were used equipotently at ICsp concentrations with CDDP and PTX as treatment standards,

in addition to complexes 7 and 9. Cells were exposed to treatment for 24 hours.
4-2.3.1: Metal localisation distribution by ICP-MS

Following treated cell pellet collection, cell fractions were collected using the FractionPREP™ Cell

Fractionation Kit (BioVision, Inc.) according to manufacturer instructions®. Produced supernatants and
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pellets for cytosol, nucleus, membrane/particulate, and cytoskeletal fractions were then frozen at 4°C

until digestion for ICP-MS analysis as detailed in Chapter 2.

A 6 well plate was seeded with 1X10° A2780 cells and incubated for 24 hours. Cells were then drugged
with 2 mL of treatment. Following exposure, cells were washed with PBS and harvested by
trypsinisation, the SCS was then centrifuged, media discarded, and cells were suspended in PBS
(without calcium or magnesium). These SCS were then counted and diluted to 2X10* cells per 1 mL.
800 pL of the SCD was added to 2.4 mL of 1% (m/v) low temperature agarose and mixed rapidly. Slides
were preprepared by heating 1% (m/v) low-temperature agarose in distilled water to 100°C to become
molten, then cooled to 40°C. When cooled, edge-scored dust-free frosted slides were coated on one
side with the agarose and allowed to air dry until the agarose was solid. 1.2 mL of the cell agarose
solution was added to each slide with each treatment done in duplicate and allowed to set. Following
the setting of the SCD-treated slides, the cells were lysed in the dark at 4°C by submersion in lysis
solution of 1.2 M NaCl, 100 mM Na,EDTA, 0.1% (v/v) sodium lauryl sarcosinate, and 0.26 M NaOH in
distilled water for 24 hours. Following lysis, slides were washed by submersion for 20 minutes in wash
solution of 0.03 M NaOH and 2 mM NaEDTA in distilled water ensuring pH stayed above 12.3. The
slides were then ran by horizontal electrophoresis for 25 minutes at a voltage of 20 volts (constant) in
fresh wash solution. Following electrophoresis, the slides were washed with distilled water, stained
with 1% (v/v) Pl in distilled water for 20 min, then washed again with distilled water following which
the comets were imaged on the EVOS. From the images, comet length and comet head size were
measured using FIJI®. From this the comet tail moment was calculated measuring from the centre of

the comet head to the end of the comet tail.

149



6X10% A2780 cells were seeded per well in a 24 well plate and incubated for 24 hours. Cells were then
drugged with 500 uL of treatment in triplicate. Following exposure, cells were washed with PBS, fixed
in 4% (v/v) formaldehyde in PBS for 30 minutes, then washed with TBS and permeabilised with a
solution of 0.05% (v/v) Triton X-100 and 10 mg/mL BSA in TBS for 90 minutes. After permeabilisation,
cells were washed thoroughly with TBS then stained with a solution of 10 mg/mL BSA, 1% (v/v) DAPI
and 1% (v/v) gamma-H2A.X (Ser139) Monoclonal Antibody (CR55T33), PerCP-eFluor™ 710 in TBS for 3

hours at 4°C in the dark. After staining, cells were gently washed with TBS then imaged on the EVOS.

1X10° A2780 cells were seeded per well in a 6 well plate and incubated for 24 hours. Cells were then
drugged with 2 mL of treatment in triplicate. Following exposure, cells were washed with PBS,
trypsinized and quenched with media to a SCS. The SCS was centrifuged at 1,000 RPM for 5 minutes
and supernatant was removed. Cells were fixed in 4% (v/v) formaldehyde in PBS for 30 minutes, washed
with TBS, then permeabilised in a solution of 0.05% (v/v) Triton X-100 and 10 mg/mL BSA in TBS for 90
minutes. After permeabilisation, supernatant was removed and cells washed with TBS, then stained
with a solution of 10 mg/mL BSA and 1% (v/v) gamma-H2A.X (Ser139) Monoclonal Antibody (CR55T33),
PerCP-eFluor™ 710 in TBS for 3 hours on ice. Cells were gently mixed by pipetting at regular intervals
in longer incubation steps. After staining, stain solution was removed, and cells were gently washed

with TBS and resuspended in fresh TBS then ran by flow cytometry.
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4-2.3.5: HDAC inhibition activity assay

A black, glass bottom 96 well plate was seeded with 2X10* A2780 cells per well and incubated for 24
hours. Cells were then drugged with six replicates per treatment. Following exposure, HDAC activity
was assessed using the in situ HDAC activity by fluorescence kit (Sigma) per manufacturer’s instructions

using TriA as a positive control. Fluorescence intensity was measured using the blue channel settings.
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4-3: Results

4-3.1: Physiochemical characterisation

4-3.1.1: Synthesis and characterisation of the iminopyridine ligands and

ruthenium piano-stool complexes

Following ImPy ligand synthesis, imine bond formation was confirmed, and ligand structure was
elucidated using H, 3C and 2D HSQC NMR experiments, specifically observing for the singlet imine

proton shift at ~8.8 ppm for ligands without a spacer, and ~8.2 ppm with a spacer

The ligands were then used to synthesise the 16 complexes shown in Table 4-1. Following synthesis,
complex structure was elucidated using *H, *3C, COSY, HSQC and HMBC NMR, complimented with ESI-
MS spectrometry, HPLC and elemental analysis. The experimental data was consistent with the

proposed structures and purity was confirmed.
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Table 4-1: Structure information for the 16 complexes synthesised and used in Chapter 4. The
complexes highlighted in blue have a spacer, highlighted in blue in the right chemical structure.

: \, PF,
3 e
x// S N =
9P -
| _ L
Complex X R! R? Spacer

1 - Ru(L1)CI{PF;), [Ru(n®-p-Cym){ImPy)CI]PF, cl H H No
7 - Ru(L1)I(PF,), [Ru(n5-p-Cym)(ImPy)I]PF, I H H No
8 - Ru(L7)CI(PF), [Ru(n°-p-Cym)(ImPy-Bn)CI]PF, @ H H Yes
9 - Ru(L7)I(PF), [Ru(n®-p-Cym)(ImPy-Bn)I]PF, I H H Yes
2 - Ru(L2)CI(PF,), [Ru(n®-p-Cym)(ImPy-4-CH,)CI]PF, cl H CH, No
10 - Ru(L8)CI(PF), [Ru(n®-p-Cym)(ImPy-Bn-4-Me)CI]PF, cl H CH, Yes
11 - [Ru(n5-p-Cym)(ImPy-4-OH)CI]PF, cl H OH No
12 - Ru(L9)CI(PF), [Ru(n®-p-Cym)(ImPy-Bn-4-OH)CI]PF, cl H OH Yes
13 - Ru(L10)CI(PF;), [Ru(n5-p-Cym)(ImPy-(CH,),-4-OH)CI]PF, cl H (CH,),OH No
14 - Ru(L11)CI(PF), [Ru(n5-p-Cym)(ImPy-4-OMe)CI]PF, cl H OMe No
15 - Ru(L12)CI{PF,), [Ru(n°-p-Cym){ImPy-Bn-4-OMe)CI]PF, cl H OMe Yes
16 - Ru(L3)CI(PF), [Ru(n®-p-Cym)(ImPy-Bn-2-OMe)CI]PF, cl OMe H Yes
17 - Ru(L14)CI(PF;), [Ru(n°-p-Cym)(ImPy-4-CI)CI]PF, cl H cl No
18 - Ru(L15)CI(PF), [Ru(n5-p-Cym)(ImPy-2-CI)CI]PF, cl cl H No
19 - Ru(L16)CI(PF), [Ru(n°-p-Cym)(ImPy-Bn-4-CI)CI]PF, @ H @ Yes
20 - Ru(L17)CI(PF), [Ru(n®-p-Cym)(ImPy-Bn-2-CI)CI]PF, cl cl H Yes
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Evaluation of complex interaction with biologically relevant matrixes was assessed by UV-Vis
spectroscopy to determine suitability for biological study (Table 4-2). No complex synthesised here
exhibited an isosbestic point with 1:1 water to PBS, PBS, Albumin, human plasma or NEAA, further no
precipitation of the complexes was seen in any matrix tested. Two significant trends between
complexes with or without a spacer are apparent. There is a corelation between the possession of a
spacer preventing interaction with GSH compared to its unlinked counterpart, seen by the
unsubstituted (1, 7, 8, and 9), methyl (2 and 10) and methoxy (14 and 15) complexes. A similar
corelation is seen between the possession of a spacer and the prevention of interaction with media
and full media shown by the unsubstituted (1, 7, 8, and 9), hydroxyl (12 and 13) and methoxy (14 and
15) complexes. Interestingly interaction with GSH, media or full media is not prevented with the
addition of the spacer in the chlorine (17, 18, 19, and 20) complexes. Interestingly, several complexes
including 7, 9, 11, and 14 did not form an isosbestic point with water. Additionally, only complex 7
formed an isosbestic point with DMSO, all others either exhibited hyperchromism, hypochromism, or

did not exhibit spectra changes.
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Table 4-2: Summary of UV-Vis spectra changes of the complexes investigated in Chapter 4 with
biologically relevant matrixes following 24 hours incubation. Abbreviations: dimethyl sulfoxide
(DMSO0), phosphate buffered saline (PBS), bovine serum albumin (BSA), glutathione (GSH), calf
thymus DNA (ctDNA), non-essential amino acids (NEAA), no change (NC), isosbestic point (IP),

hypochromism (), hyperchromism (), and no data (nd).

1:1

Full

Human

Complex DMSO H,0 H,0:PBS PBS BSA GSH Media Media ctDNA plasma NEAA
1 NC IP NC 0 ™ IP IP IP IP ™ 0
7 IP NC 0 0 NC NC 0 0 IP ™ NC
8 N2 IP NC NC NC NC IP IP IP NC NC
9 N2 NC NC NC NC NC IP IP IP NC NC
2 0 IP NC NC NC IP IP IP IP NC NC
10 N2 IP NC NC NC NC IP IP IP NC NC
11 NC NC NC NC NC IP IP IP IP NC NC
12 N2 IP NC NC NC IP NC NC IP NC NC
13 NC IP NC NC NC IP NC NC IP NC NC
14 NC NC NC NC NC IP IP IP IP NC NC
15 ™ IP NC NC NC NC IP IP IP NC NC
16 NC IP NC NC NC NC IP IP nd NC NC
17 0 IP 0 NC NC IP IP IP nd NC NC
18 NC IP NC NC NC IP IP IP IP NC NC
19 NC IP NC NC NC IP IP IP NC NC NC
20 NC IP NC NC NC IP IP IP NC NC NC
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Following confirmation that the complexes were suitable for biological work, lipophilicity at
physiological pH was determined by the shake flask method (Table 4-3). All complexes in this series
exhibit a negative LogD7.4 values ranging from -0.92 (complex 13) to -0.21 (complex 9). The use of the
spacer exhibits a general increase in lipophilicity. This effect is more profound in complexes with
unsubstituted or methyl substituted complexes with the LogDy7.4 increasing by half in several cases, for
example from 7 to 9 which has an increase from -0.41 to -0.21. Yet, increase in lipophilicity with the
addition of the spacer is not seen in all substitutions. For example, in the chlorine group, addition
insignificantly increases lipophilicity from -0.24 to -0.23 (complexes 17 and 19). However, the location
of the spacer is highly important as there is a large decrease in lipophilicity between the hydroxyl
containing complexes 12 and 13 from -0.50 to -0.92 where the spacer is before and after the phenyl

ring respectively.

With the addition of the spacer inducing several physiochemical changes, DFT lowest energy structures
of 7and 9 were calculated from which bond lengths, electron density and Mulliken partial charges were
predicted. These structures highlight that without the spacer, the phenyl ring is rotated out of the ligand
plane by 48.67°, away from the p-cymene ring and other ligands to prevent steric hinderance (Figure
4-7a and b). The addition of the spacer has no substantial effect on bond lengths around the ruthenium

centre (Table 4-4).
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Table 4-3: LogD7.4 of the 16 complexes evaluated in this chapter determined by the shake flask
method using PBS and n-octanol. Complexes highlighted in blue have a spacer.

Complex LogD, ,
1 -0.66
7 -0.41
8 -0.54
9 -0.21
2 -0.38

10 -0.29
11 -0.53
12 -0.50
13 -0.92
14 -0.50
15 -0.49
16 -0.45
17 -0.24
18 -0.53
19 -0.23
20 -0.40
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Figure 4-7: Calculated DFT structures of complexes a). 7, b). 9, in their lowest energy structures. c).
and d). demonstrate Electrostatic Potential Surface (EPS) mapped onto Total Electron Density around
the complex for 7 and 9 respectively, with colour scale corelating with electron density with blue
being less electron dense and red being more electron dense, demonstrating that with the inclusion
of the spacer, electron density increases in the phenyl ring. Renders produced by Dr J.P.C. Coverdale.

Table 4-4: Calculated DFT bond lengths (&) determined from the lowest energy structures.
Calculations performed by Dr J.P.C. Coverdale.

Complex Ru-1 (A) Ru-N(Ph) (A) Ru-N(Py) (A)
7 2.73376 2.06667 2.08361
9 2.73290 2.06114 2.08063

Table 4-5: Calculated DFT Mulliken partial charges of select atoms determined from the lowest
energy structures. Calculations performed by Dr J.P.C. Coverdale.

Complex Ru N(Ph) N(Py) |
7 -0.087 -0.523 -0.567 -0.043
9 -0.099 -0.476 -0.568 -0.033
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In addition to the reduction of steric hinderance, the spacer removes any resonance effect across the
ligand of complex 9 due to the spacer preventing the overlap of the p orbitals in the phenyl ring with
the sp2 nitrogen in the imine bond, which extends to the rest of the ligand. This is shown by the
alteration of the nitrogens’ Mulliken partial charges and phenyl ring electron density (Table 4-5 and
Figure 4-7c and d). In complex 7, the Mulliken partial charges predicted are similar between the two
nitrogens’ being -0.567 in the pyridine and -0.523 in the imine bond. This alters to -0.567 and -0.476
respectively in complex 9, showing a reduction in the electron density around the imine nitrogen. These
changes in potential lead to an alteration in the electron density in the bidentate ligand of the
complexes shown in where the surface (isovalue of 0.004) has been visualised to show red colouring

as anincrease in electron density and blue corresponds to a lower electron density from +0.05 to +0.18.

4-3.2: Cell Studies of ruthenium complexes with and without a spacer

bioisostere

4-3.2.1: Antiproliferative activity screening

The complexes were screened in a variety of cell lines to assess their antiproliferative activity (Table
4-6, and selected complexes in Figure 4-9). There is a remarkable increase in potency with the use of
the spacer in almost all the phenyl ring substituent variants tested. This is exemplified by complexes 7
((ImPy)I) and 9 ((ImPy-Bn)I) the lung cell line A549 where activity improves >6.5X from >140 to 21.49
UM, and by 5.5X in the EOC line A2780 from 24 to 4.4 uM, respectively. Only the hydroxyl substituent
containing complexes 11 and 12 did not exhibit antiproliferative activity improvement with the spacer
with ICso values >140 mM. However, as values are described as >140 puM, a potency improvement with

the spacer may be occurring, but outside the range of this screen.
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Table 4-6: Antiproliferative screening of the 16 complexes used in this chapter with efficacy displayed
as ICsp values (all units in uM unless stated otherwise) (N.D.: no data collected). Complexes
highlighted in blue have a spacer.

HCT116 HCT116
Complex A2780 A549 MIAPaCa UFH0O01 P53+/+ p53./- MRC5

1 >140 >140 >140 >140 >140 >140 >140
7 24 (1) >140 225(02)  41(3) 40 (4) 42 (3) >140
8 72 (3) 56 (2) 68 (3) >140 >140  124.8(0.4)  >140

9 4.4(0.2) 21.49(0.09) 5.19(0.05) 9(2) 13.5(0.1) 8(2)  64.8(0.8)
2 76 (2) 53 (4) 95.2(0.4) 120.1(0.4)  >140 137(2) >140
10 72 (2) 58 (1) 56 (2) 50(3) 59.6(0.2) 51(3) >140
11 >140 >140 >140 >140 >140 >140 N.D
12 >140 >140 >140 >140 >140 >140 N.D
13 >140 >140 >140 N.D. N.D N.D. N.D
14 >140 81 (3) >140 >140 >140 >140 N.D
15 75 (2) 46 (2) 99.3(0.5)  80(2) >140 >140 N.D
16 54 (3) 51(3) 89 (2) 55 (1) 58 (3) 97 (3) N.D
17 84 (1) >140 120 (1) >140 >140 >140 N.D
18 >140 >140 >140 >140 >140 >140 N.D
19 67 (3) 85 (4) 79 (3) 77 (2) 122 (3) >140 N.D
20 56 (1) 43 (1) 94 (3) 78 (2) 71 (1) 73 (3) N.D

CDDP 3(1) 12 (1) 24(3) 17.3(07)  6(1) 5.7(0.4) 5.6(0.7)
PTX c; 03 6‘2'\}" N.D. N.D N.D. N.D. N.D N.D
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Figure 4-8: Antiproliferative screening of select pairs of complexes (1 and 7, 8 and 9, and 2 and 10)
used in this chapter with efficacy displayed as ICso values. Bars in grey indicate an ICso value of >140
uM. Patterned bars indicate complexes with a spacer.
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One remarkable finding of the spacer containing complexes is that activity is not affected by p53 status
in the colorectal cell lines HCT116 p53-/- and HCT116 p53+/+. For example, in the unsubstituted (1, 7,
8, and 9) and methyl (2 and 10) derivatives, complexes with a spacer have a marginally improved or
equivalent potency with the loss of p53. One outlier to this is complex 16 (ImPy-Bn-2-OMe) which has

a substantially lower potency in HCT116 p53-/- than in HCT116 p53+/+.

While the majority of the complexes in this series have phenyl ring substituents in the para position,
complexes with meta substitutions were synthesised for the methoxy (16) and chloride (20) variants.
Remarkably for both, activity was the same or substantially improved in almost all cell lines tested. This
is demonstrated by the >2.4X increase in potency between the methoxy complexes 15 (ImPy-Bn-4-
OMe) and 16 (ImPy-Bn-2-OMe) in HCT116 p53+/+ and the 2.0X increase between the chloride

complexes 19 (ImPy-Bn-4-Cl) and 20 (ImPy-Bn-2-Cl).

In addition to altering the ImPy ligand, the monodentate chlorine halogen ligand was substituted for
iodine in the unsubstituted complexes. In A2780, the iodo complex was >5.8X more potent in the
unlinked variants (1 and 7), and 16.4X more potent in the linked variant (8 and 9). Additionally, in this
screen complex 9 was the most active in all cell lines exhibiting 1Cso values <10 uM in four of the six

cancerous cell lines screened.

Antiproliferative activity was determined in MRCS5 to see if increased activity is also observed in normal
cells. Of the six complexes tested in MRC5, all complexes had an ICso of >140 uM in the normal line
MRC5, except complex 9 with an ICso of 64.8 WM. Yet this activity is still substantially lower than in the

cancerous lines being 15X and 3X less potent in A2780 EOC and A549 lung cancer.

Complexes 7 ((ImPy)I) and 9 ((ImPy-Bn)I) were selected for further testing in A2780 due to being the
best preforming pair with and without the spacer, but also being unsubstituted on the phenyl ring,

reducing other areas of MOA influence.
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4-3.2.2: Time dependant activity of complexes 7 and 9

The effect of time on biological activity was investigated by treating cells without recovery time (Figure
4-9). Without recovery time, 7 is 1.8X more effective than 9 with ICso values of 20.32 uM and 37.51 uM,
respectively. However, with recovery time, the potency of 7 decreases marginally with ICsp increasing

by 1.18X to 24 uM, while the potency of 9 hugely increases with 1Cso dropping by 8.5X to 4.4 uM.

50

Without Recovery Time With Recovery Time
mu7 m9 m CDDP

Figure 4-9: Comparison of ICso values of 7, 9 and CDDP after 24 hours of treatment with and without
72 hours of recovery time in full media in A2780.

4-3.3: Mode of action comparisons of complex 7 and 9

4-3.3.1: Mitochondrial polarisation studies

As AWm depolarisation is a common MOA of ruthenium piano-stool complexes, AWm was assessed by
fluorescence microscopy using Rh123 staining (Figure 4-10). Fluorescence microscopy suggests that
complexes 7 and 9 do not induce AWm depolarisation, but the contrary with Rh123 fluorescence

increasing for 7 (Figure 4-11). To investigate this, fluorescence intensity was used and agreed that 7
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significantly (p<0.001) increased Rh123 fluorescence while 9 treated cells exhibited no significant

difference to the negative control or other comparator treatments.

Negative media control CDDP (3 uM) PTX (0.3 nM)

.7 (24 uM)

Figure 4-10: Determination of mitochondrial depolarisation of A2780 cells following treatment with
a). media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM) by
fluorescence microscopy using Rh123 (green), DAPI (blue) and Pl (red). Images presented as overlays
of the green, blue, and red channels at 10X magnification (scale bar 400 um).
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Figure 4-11: Determination of mitochondrial depolarisation of A2780 cells following treatment with
media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM) by fluorescence
intensity using Rh123 normalised by protein content. (Significance determined by Welch t-test where
* indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).
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Noting increase in AWm polarisation in 7 treated cells, ROS generation was evaluated by DCFDA
microscopy as these MOA are often interlinked (Figure 4-12). Hot spots of green fluorescence were
induced by complex 7 but not complex 9. To further probe low level ROS, fluorescence intensity was
used (Figure 4-13). Intensity levels show that both complexes do significantly (p<0.001) increase ROS
levels in cells, with 7 producing to a greater extent than 9. However, neither are to the extent of the

positive controls, consistent with the fluorescence microscopy data.

Negative media control CDDP (3 pM) PTX (0.3 nM)

Figure 4-12: Determination of ROS generation by DCFDA of A2780 cells following treatment with
media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), 9 (4.4 uM), 1 mM hydrogen
peroxide, or 0.7 mM Luperox by fluorescence microscopy using DCFDA (green), DAPI (blue) and PI

(red). Images presented as overlays of the green, blue, and red channels at 10X magnification (scale
bar 400 pum).
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Figure 4-13: Determination of ROS generation in A2780 cells following treatment with media as the
negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), 9 (4.4 uM), or 0.7 mM Luperox by
fluorescence intensity of DCFDA normalised by protein content. (Significance determined by Welch t-
test where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).

4-3.3.3: Cell cycle arrest induction

The inhibition of cell division is a key MOA in the prevention of cancer progression and can be indicative
of other MOA, therefore cell cycle arrest was assessed by flow cytometry following staining with Pl and
RNase (Figure 4-14). Complex 7 did not induce significant cell cycle arrest, but there was a substantial
increase (p=0.06) in the sub G; population by 10.2% and a significant (p<0.05) decrease in the S phase
population. Complex 9 however did induce G; phase arrest with a significant (p<0.05) in the G;
population through a significant (p<0.05) decrease in the S and G/M phases. This contrasts CDDP
which exhibited significant (P<0.001) S phase and significant (p<0.05) sub G; arrest and PTX which did

not induce significant arrest.

4-3.3.4: Apoptosis induction

As an important MOD, apoptosis was investigated via flow cytometry after staining with Annexin V and

PI (Figure 4-15). Both complex 7 and 9 treatment induced significant late phase apoptosis (p<0.001 and
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p<0.05 respectively). Furthermore, 7 induced significant (p<0.05) early apoptosis. However, both 7 and

9 treatment induce significant (p<0.001 and p<0.05 respectively) increase in the non-viable population.
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Figure 4-14: Cell cycle arrest of A2780 cells by flow cytometry treated with media as negative control,
CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM), stained with Pl and RNase. (Significance
determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001
levels of significance).
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Figure 4-15: Apoptosis induction by flow cytometry of A2780 cells treated with media as negative
control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM), stained with Pl and Annexin V.
(Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and ***
indicates p<0.001 levels of significance).
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4-3.3.5: Wound healing studies

As a model of invasion, wound healing was done using a 24 hours treatment and 72 hours recovery
protocol (Figure 4-16 and Figure 4-17). Following 24 hours treatment, all treatments used apart from 9
significantly (p<0.05) prevented wound healing, with 7 exhibiting the best activity of all treatments

tested with average wound closing of 0.01 mm.

Following 72 hours recovery, 7 and PTX continued to significantly (p<0.001) prevent wound closure.
CDDP failed to prevalent wound closure being statistically no different to the control wounds. Further,

9 treatments statistically (p<0.05) increased wound closure.
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Figure 4-16: Measurements of wound widths of A2780 cell monolayers following treatment with
media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM), at 0 hours
(monolayer wounding and start of treatment exposure), 24 hours (following treatment exposure)
and 24+72 hours (total wound closure including 24 hours treatment and 72 hours recovery time).
(Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and ***
indicates p<0.001 levels of significance).
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Figure 4-17: Images of the wound healing assay of A2780 cell monolayers following treatment with
media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM), at 24 hours
(following treatment exposure) and 24+72 hours (total wound closure including 24 hours treatment
and 72 hours recovery time). Images taken at 4X magnification, scale bar: 1000 uM.
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Metastasis inhibition activity was simulated by the colony formation assay. Regarding colony number
(Figure 4-18), when treated with complex 7 or CDDP there is a significant (p<0.001) decrease in colony
formation with an average of three colonies. Complex 9 does not share this activity as on average over

200 colonies developed, however this was significantly (p<0.01) lower than the control.

Colony area was also measured to assess the effectiveness of growth following metastasis (Figure
4-19). Complex 7 and CDDP significantly (p<0.001) prevented the growth of colonies, therefore size
could not be determined and were deemed 0 mm?2. Colonies that developed from cells treated with

complex 9 were significantly (p<0.001) smaller than the control colonies by 0.02 mm?.

Spheroids are a considerable problem in EOC often being the cause of many metastatic and recursion
events . In vitro, they are also highly effective at modelling potential for in vivo experiments. Spheroid
activity is shown in Figure 4-20 and Figure 4-21. All the treatments significantly (p<0.05) reduced
spheroid area. Complex 7 activity was comparable to CDDP by reducing spheroid area by 9.5%, while 9

and PTX were slightly less effective reducing area by 8.2% and 7.9% respectively.
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Figure 4-18: Colony formation a). well images and b). colony counts of A2780 cells following
treatment with media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM)
following 24 hours exposure and 7 days colony growth time. Images taken at 1X magnification.
(Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and ***

indicates p<0.001 levels of significance).
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Figure 4-19: Colony density a). well images and b). colony counts of A2780 cells following treatment
with media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM) following 24
hours exposure and 7 days colony growth time. Images taken at 4X magnification. (Significance
determined by Welch t-test *** indicates p<0.001 level of significance).
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Figure 4-20: Microscopy of A2780 spheroids following treatment with media as the negative control,
CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM). Images taken at 2X magnification, scale bar:
2000 pM.
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Figure 4-21: A2780 spheroids area following treatment with treated with media as the negative
control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM). (Significance determined by Welch t-
test where * indicates p<0.05 level of significance).

174



4-3.3.8: Metal accumulation by inductively coupled plasma mass spectrometry

Metal accumulation by ICP-MS was determined allowing for insight into uptake/efflux and efficiency
of a complex as an indirect method of complex accumulation as this method does not allow for
identification of speciation. Total platinum and ruthenium accumulation is shown in Figure 4-22a and
b respectively. Following treatment, there was significant uptake of platinum in the CDDP (0.069+ 0.006
fmol/cell) treated cells, but not in 7 and 9 (0.0005 +0.0003 fmol/cell and 0.00012 +0.00003 fmol/cell,
respectively). Remarkably, there was significantly (p<0.01) more ruthenium accumulation in 7 treated
cells than 9 treated cells by 0.057f fmol/cell accumulating 0.290 +0.001 fmol/cell and 0.23 +0.02
fmol/cell, respectively. Additionally, the ruthenium complexes encouraged 3.2 to 7.8X more metal

accumulation compared to CDDP.
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Figure 4-22: Metal accumulation of A2780 cells treated with media as negative control, CDDP (3 uM),
7 (24 uM) or 9 (4.4 uM) testing for a). platinum content and b). ruthenium content by ICP-MS.
Significance determined by Welch t-test where ** indicates p<0.01 level of significance.
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4-3.3.9: Cellular metal distribution by inductively coupled plasma mass

spectrometry

In extension to the overall accumulation of platinum and ruthenium, the cellular localisation of
platinum and ruthenium was assessed to observe if differing MOA of 7 and 9 is due to the localisation
of the complexes. The fraction percentages are shown in Figure 4-23 and raw metal mass values are
given in Appendix lll. The negative control samples had minimal platinum and ruthenium content with
measured mass per fraction per cell being less than 0.07 fg in all fractions. Cells exposed to CDDP had
platinum mainly localise to the membrane & organelle fraction, followed by the cytosolic, cytoskeletal
then nucleic fractions. Ruthenium localisation was similar in 7 and 9 treated cells which also had
ruthenium mainly localise to the membrane & organelle fractions respectively with similar

accumulation with other fractions.
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Figure 4-23: Metal distribution of A2780 looking for and treated with a). platinum with CDDP (3 uM)
and b). ruthenium with 7 (24 uM), or 9 (4.4 uM) determined by ICP-MS.
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4-3.4: DNA damage differences induced by complexes 7 and 9

Nuclei morphology was assessed by DAPI at 40X magnification (Figure 4-24). Nuclear morphology is
highly indicative of nuclear health and DNA damage. DAPI staining highlights that cells treated with
CDDP, 7 and 9 have crescent shaped nuclei, in contrast to untreated and PTX treated cells that have
round nuclei. In extension of this, complex 9 treated cells have less DAPI fluorescence than 7, CDDP

and control cells.

Negative media control CDDP (3 uM) PTX (0.3 nM)

9 (4.4 pM)

Figure 4-24: Nuclear morphology of A2780 cells stained with DAPI following treatment with media as
the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM) by fluorescence
microscopy. Images taken at 40X magnification, scale bar: 100 uM.

Due to the indications that 7 and 9 may induce DNA damage and the development of an isosbestic
point following 24 hours incubation with ctDNA, complex binding to DNA was assessed through ctDNA

titration by UV-Vis (Figure 4-25). Both complexes interacted with ctDNA with both complexes inducing
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a hyperchromic effect (increase in absorbance) at 320nm in the charge transfer band region, however

hyperchromic is more pronounced with 7-ctDNA interaction than with 9-ctDNA.
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Figure 4-25: ctDNA concentration titration ranging from 0.01 to 0.5 mg/mL interaction studies by UV-
Vis spectroscopy with 150 uM complex 7 or 9.

4-3.4.3: 9-Ethyl Guanine interaction by UV-Vis titration

As both complexes exhibited interaction with ctDNA, interaction nucleotide interaction was assessed
using 9-EtG by UV-Vis titration (Figure 4-26). Hyperchromism was not observed with the combination
of 9-EtG with 7. This is contrary to 9 which does exhibit a spectrum shift similar to that seen in the

ctDNA interaction spectra in the charge transfer band region.
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Figure 4-26: 9-Ethyl guanine concentration titration ranging from 10 to 600 uM interaction studies by
UV-Vis spectroscopy with 150 uM complex 7 or 9.

4-3.4.4: Alkaline comet assay

The alkaline comet assay assesses the extent of ssDNA and dsDNA breaks and other DNA damage using
electrophoresis. With more strand breaks and damage, there is an increase in smaller fragments of
DNA in the nucleus, which move faster through the agarose gel, allowing for the development of the
comet tail (Figure 4-27). The from the average comet tail moments (Figure 4-28), CDDP demonstrated
significant (p<0.001) comet tail moments 1.69X longer than untreated cells (P<0.001). PTX also induced
significant (P<0.05) levels of DNA breaks. Complex 7 induced similar comet tails moments to the
negative control, however complex 9 treatment caused significant (p<0.001) comet tail moments,

1.25X longer than the control comets.
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Negative media control CDDP (3 uM) PTX (0.3 nM)

9 (4.4 pM)

Figure 4-27: Images of A2780 nuclear comets stained with Pl following treatment with media as the
negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM). Images taken at 40X
magnification, scale bar: 100 uM.
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Figure 4-28: Comet tail moments of A2780 nuclei from the comet assay following treatment with
media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM). Significance
determined by Welch t-test where * indicates p<0.05 and *** indicates p<0.001 levels of
significance.
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Observing that ssDNA strand breakages were being induce, dsDNA breaks were investigated. When
dsDNA damage occurs, one cellular response is the phosphorylation of the histone H2A.X at serine 139,
known as gamma-H2A.X. This can be probed for and quantified using commercial fluorescence probes
(Figure 4-29 and Figure 4-30). Cells in the control population exhibited very low levels of gamma-H2A.X
staining which was not observed by fluorescence microscopy with a mean fluorescence intensity of
1.5X103. CDDP treatment induced significantly (p<0.01) high levels of fluorescence with a mean
intensity of 4.9X103. Both 7 and 9 induced significant levels of fluorescence, however treatment with
complex 7 induced more fluorescence that 9 with means of 3.5X103 (p<0.01) and 2.8X10* (p<0.05),
exhibiting 2.4X and 1.9X more phosphorylation than the negative control respectively. PTX also induced
a significant (p<0.05) level of fluorescence, however, this was lower than the other complexes tested

here with a mean fluorescence intensity of 2.3X103.

Negative media control CDDP (3 uM) PTX (0.3 nM)

9 (4.4 pM)

Figure 4-29: Double strand DNA breakage assessment via gamma-H2A.X phosphorylation of A2780
cells treated with media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4
uM). Cells were stained with gamma-H2A.X (Ser139) Monoclonal Antibody (CR55T33), (red) and DAPI
(blue). Images presented as overlays of the red and blue channels 40X magnification (scale bar: 100

pum).
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Figure 4-30: Gamma-H2A.X fluorescence intensity by flow cytometry of A2780 cells treated with
media as the negative control, CDDP (3 uM), PTX (0.3 nM), 7 (24 uM), or 9 (4.4 uM). a). histograms of
the fluorescence intensity of treated cells, b). mean fluorescence intensity of three biological
replicates. (Significance determined by Welch t-test where * indicates p<0.05 and ** indicates

p<0.01 levels of significance).
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4-3.4.6: HDAC inhibition activity

With several assays suggesting higher-level DNA damage, quaternary DNA alteration through HDACi
was assessed using fluorescence intensity, with fluorescence corelating linearly with HDAC inhibition
(Figure 4-31). CDDP, 7 and the HDACi TriA significantly (p<0.05, p<0.01, and p<0.001, respectively)
reduced HDAC activity. While 9 did not induce significant (p=0.11) decrease in activity, there was a

small amount of inhibition.
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Figure 4-31: HDAC activity assay of A2780 cells with media as the negative control, CDDP (3 uM), PTX
(0.3 nM), 7 (24 uM), 9 (4.4 uM) for 24 hours or 10 uM TriA for two hours as a positive control
assessed by in situ HDAC activity fluorometric assay kit. (Significance determined by Welch t-test
where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).
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4-4: Discussion

Alkyl linkers/spacers/bridges are widely applied in many aspects of pharmacology to maximise
treatment potential and allow additional properties?>?%-28, Despite this, there is little research into the
potential of a spacer within a bidentate ligand of piano-stool complexes. Here, the use of the spacer

exhibited variety of effects that were divergent from their sister complexes without a spacer.

4-4.1: Physicochemical influences of the spacer in Ru(ll) complexes

Biological matrix interaction by UV-Vis indicated none of the complexes interacted with 1:1 water to
water, PBS, Albumin, plasma or NEAA, eliminating several transport and potential MOA including
albumin conjugation and protein synthesis inhibition. Several complexes interacted with GSH, media
and full media. There was a significant trend between the presence of a spacer and the prevention of
interaction with these matrixes with all pairs losing one or more interactions with GSH and/or media.

This is potentially explained by the DFT calculations.

In an atomic structure simulation, DFT calculations of 7 and 9 predict the spacer causes rotation of the
phenyl ring out of the path of the p-cymene ring and iodine ligand. This leads to the disruption of the
resonance by preventing the overlap of the p orbitals in the phenyl ring with the sp2 nitrogen in the
imine bond, leading to reduced negativity of the ruthenium centre and iodine monodentate ligand.
This provides some insight into the behaviours observed. Due to the iodine in 9 being more positive
than 7, becomes more strongly bonded to the ruthenium centre, improving bond stability. Increased
ligand stability has two consequences; one being the increase in time to become active, and two being
that it takes longer for the complex to be deactivated. This increase in stability is highly sought after as
it corelated with increased potency, reduced side effects, extended therapeutic range and prevention

with detoxicants such as GSH”38, Noting the trends indicated by the loss of interaction with
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biomolecules shared by several linked complexes here, it would be consistent that all the complexes in

this series share loss of resonance.

As similarly seen in Chapter 3, several of these complexes aquated in water with the development of
an isosbestic point. This is supportive of aquation being an activation step of these complexes.
however, the iodo complexes and two oxygen-based R group complexes (11 and 14). The iodo
complexes can be explained by steric hinderance surrounding the iodo ligand with slower aquation
leading to slower clearance and increased potency®®. On the contrary, oxygen-containing R group
complexes, especially those in the para position, undergo poor aquation due to the electron donating
group effects, leading to poor activation and antiproliferative activity®*. Therefore, the inclusion of the
spacer may increase the potency of these complexes by the distribution of the resonance across the
ligand and the prevention of the extended effects of the electron donation of the oxygen group,

allowing for their activation by aquation.

Additionally, several of these complexes exhibited spectra changes with DMSO. The only exception is
complex 7 which exhibited an isosbestic point. While this can be problematic for DMSO based studies,
this behaviour is similar to CDDP which can also form adduct species*®. However, this isosbestic point
is not seen in several other matrixes where DMSO concentration is <5%. Additionally, in
antiproliferative screening, complex 7 is the second most active complex in this family. This suggests
that this DMSO adduct is labile, and can be removed to form another species, likely water due to the

aquation activation of these complexes3°4142,

Linkers have been previously shown to improve stability and potency. In the case of Titanocene
dichloride modification to Oxali-Titanocene Y by the addition of two methoxybenzene groups through
alkyl bridges from the bis-cyclopentadienyl group3”4*44, The flexibility provided by the bridge allows for
the methoxy to bind to the aquated chlorine ligands, allowing for further complex stability and

significant increased potency by 80X in renal cancer®”434, While this mechanism may not be employed
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here, this further reinforces the idea that bridges and spacers can alter complex chemistry and improve

the potency.

Similar to interaction differences, the addition of the spacer consistently exhibited a beneficial increase
to lipophilicity of the complexes, or lipophilicity was maintained. Due to the spacer being lipophilic
itself being a methyl derivative, it would be expected that the lipophilicity of the complexes would

234546 |n the unsubstituted and

increase. This is seen in many organic and organometallic complexes
methyl substituted complexes lipophilicity increases consistent with aforementioned examples. This
contrasts the oxygen and chlorine substituent complexes where lipophilicity remained unchanged. This
may be due to the hydroxyl substituent contribute to a more hydrophilic nature while chlorine
substituents contribute to a more lipophilic nature due to ionization and hydrogen bonding capabilities
being present or not, respectively?”’. Therefore, when in combination with the spacer and disruption of
resonance, increase in lipophilicity may not be seen due to the electron donating and withdrawing
effects of these substituents. Due to the ionic nature of these complexes, they are expected to be
hydrophilic. It has been documented that lipophilicities with LogP values between -5 and 0 favour the
nuclei and lysosomes while if between 0 and +5, mitochondria and the ER are favoured*“°, Further
that a LogP between 0 and +3 is favoured for optimal active transport*®#°, Here, many of the complexes
have a logDy.. close to 0 varying between -0.21 and -0.5 with the more potent complexes being more
lipophilic. Comparing to similar ruthenium iminopyridine and osmium azopyridine complexes
previously synthesised, these complexes exhibit a similar hydrophilicity exhibiting negative LogP
values®334%0 However, in these instances, potency did not corelate with lipophilicity. This contrasts with
the findings in Chapter 3 of this work and in other published work. Therefore, while potency could
potentially be improved with modification to increase lipophilicity, such as arene ring modification, it
has been noted that potency is reliant on the type lipophilic moieties rather than the general increase

lipophilicity32334849,51,
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4-4.2: Antiproliferative activity of complexes with and without a

spacer

Antiproliferative screening demonstrated significant benefit of complexes possessing a spacer. This is
exemplified by 7 and 9 where potency increased 5.5X. Potency can be attributed to the calculated loss
of resonance, leading to decreased aquation of the complexes, as increased stability is often associated
with improved potency by increasing the therapeutic time range®. This is further supported by the
improved activity of 7 over 9 without recovery time. In addition, when the family of complexes is taken
as a whole, the addition of the spacer is an additional compounding effect to other structural choices

including phenyl ring substituent and monodentate species.

In addition to improved potency, other trends with the spacer are observed. In several complex pairs,
the addition of a spacer improves potency in HCT116 p53-/- line. As p53 is the most commonly mutated
oncogene in cancer involved in cell cycle, apoptosis, metabolism and DNA repair, its loss can hinder
cytotoxic treatments®?. Another trend seen is the consistent good potency of 7 and 9, even in
pancreatic and triple negative breast cancer (TNBC). Both are considered difficult cancers to treat.
Pancreatic cancer treatment suffers from low drug efficacy, high toxicity, resistance, in addition to high
metabolic, cellular and microenvironment heterogeneity>***. TNBC treatment suffers from lack of
targets and treatment guidelines in addition to being highly aggressive, heterogenous and
metastatic>>°®. Therefore, the ability of 7 and 9 to be highly effective in these both lines demonstrates
their potential as non-specific treatments for a wide range of cancer types, including highly lethal

variants.

Comparing chloro and iodo monodentate ligands; iodine activity is often superior to chlorine in regards
to potency, as shown here and consistently in the literature due to their effects on aquation®°,
Aquation is often a required activation step for metallic complexes, including CDDP where the chlorine

monodentate ligands are replaced with water>’®°, From DFT calculations using [(n®-bz)Ru(en)X]™,
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aquation occurs through interchange associative substitution which is hindered by heavier halides due
to increased steric hinderance in the co-ordination sphere of the associative state (Scheme 4-1)*°. Due
to the increased size the formation of the intermediate is less likely due to steric hinderance, therefore
aquation occurs at a decreased rate®’. This explains the reduced aquation rate of iodo ligands in piano-
stool complexes, and in extension improved potency. This also explains the lack of spectra changes by
UV-Vis of the two iodo complexes in water. However, this trend is not always consistent as shown by
Os-ImPy complexes where chloro ligands are often more potent than iodo ligands, which can be

attributed to the effects of the osmium centre32.
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Scheme 4-1: Simplified model process of aquation of piano-stool complexes though interchange
associative substitution where halide weight hinders aquation through steric hinderance®.

Here, the delay in aquation induced by the spacer and the iodo monodentate ligand can contribute to
the extension of complex stability and bioavailability. Many treatments seek stability by several
methods such as those previously discussed including arene tethering and arene ring
modification3394344 Therefore ‘inbuilt’ increased stabilisation a significant benefit, especially as these
complexes do not appear to take advantage of the EPR effect as they are not indicated to bind to

albumin by the UV-Vis experimentation.
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Comparing the phenyl ring substituents, consistently 10 (p-CH;) followed by 16 (0-OCH;) were the most
effective complexes. Efficacy is unlikely to be due to lipophilicity due to these complexes highly differing
with 10 having a more lipophilic methyl group and 16 possessing a highly hydrophilic group®’. Activity
may be due to lack of GSH interaction, therefore reduced detoxification and by extension increase in
the half-life®. Without further probing into the MOA of action of these complexes, reasons for their
potency over other complexes cannot be fully ascertained. Yet without further improvement
modifications, like Cl to | monodentate substitution to improve the potency, the further testing of 10

and 16 is not recommended3%33,

Beneficially, only complex 9 was found to have an ICs value <140 uM in normal MRCS5 cells. 9 exhibited
an ICso of 64.8 uM. While this is can be classified as antiproliferative, this is minimal compared to its
efficacy in cancerous cells by being 14.7X less potent than in A2780 and 3.0X less potent than in A549.
This indicates that the presence of the spacer allows the benefit of improving potency in cancerous
cells while maintaining tumour specificity and not centred around the structure of the bidentate ligand.
Specificity of ruthenium complexes has been attributed to more selective uptake and activation of
complexes in addition to MOA that utilise the biochemical differences between cancerous and normal

cells®?7%>, However, many ruthenium complexes do not possess cancer cell specificity>8°¢7,

2D models of antiproliferative screening are highly effective for assessing initial antiproliferative activity
and safety of prospective agents, but cannot evaluate the effectiveness of a treatment in a solid tumour
88, 3D structures have been found to be more consistent with in vivo activity, histological structures and
resistance profiles of tumours, and are comparable to patient models®®72. To assess the potential of 7
and 9 in vivo, activity in A2780 spheroids was assessed. Both complexes at 1Cso concentration achieved
significantly reduced spheroid area by reducing area by ~10%, comparable to the clinically approved
CDDP and PTX. Significant potency in EOC spheroids is particularly noteworthy, as spheroids are
commonly found in the acetic fluid and peritoneum of metastatic EOC patients’®72. Furthermore, these

spheroids are often found to be highly resistant to platinum complexes and PTX, theorised to be due
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to being derived from the primary mass following received previous treatment, resulting in resistant
residual cells that develop into spheroids”. Therefore, the ability of these complexes to penetrate

spheroids is highly beneficial and highlights their potential in advanced disease progression.

4-4.3: Mode of action differences of complexes with a spacer

As many ruthenium piano-stool complexes depolarise AWm, this was assessed using Rh123. Neither
complex induced AWm depolarisation, but 7 induced hyperpolarisation seen by the increase of Rh123
fluorescence. Hyperpolarisation been noted to be induced by several organometallic complexes by JC1
flow cytometry analysis (Figure 4-32)7*74, Hyperpolarisation naturally occurs in cancer cells compared
to normal cells by having a mitochondrial inner membrane potential (Wm) of ~-200 mV and -139mV
respectively’”>’®. This documented to be due to reduced AWm dissipation, increased glycolysis and
increased NADPH concentrations” 7%, Hyperpolarisation is associated with the reversable, initial stages
of apoptosis coupled with further increase of ROS species and reduced GSH, therefore is seen before
induction of canonical apoptosis features such as caspase activation, phosphatidylserine
externalisation and FAS signalling’®”’. In addition, hyperpolarisation has been documented to be
associated with type Il autophagic death”®. Therefore, AWm hyperpolarisation induced in 7 treated cells
would be consistent with antiproliferative activity seen with 24 hours. Furthermore, consistent the

suggested delay in activation of 9 and antiproliferative activity studies.

190



SO, CF;
<9\ L

Ti

2

C ey
: SACA

Figure 4-32: Organometallic complexes noted to induce mitochondrial hyperpolarisation by JC1
analysis.

Due to the increase in AWm seen by 7, ROS generation was assessed as fluctuations of AWm of as little
as 10% can increase ROS generation by 90% in normal cells’®. This was shown to be consistent with 7
as anincrease in ROS levels was observed by increasing DCFDA fluorescence by 208%, however despite
9 not inducing any mitochondrial changes ROS levels were increased by 146%. This suggests that the
complexes induce ROS through a similar MOA. Organometallic complexes have been shown to generate
ROS through a variety of mechanisms dependant on structure including redox cycling, detoxification
inhibition, and mitochondrial damage. Direct generation relies on the ability of transition metals to
redox cycle using a redox couple and generate superoxide from the oxidation of oxygen while reducing
the other element of the redox couple, as seen with NADPH/NADP* as shown by hydrogenation
catalytic complexes’®7®, On the other hand, indirect generation relies on the damage to cellular systems
such as mitochondrial hyperpolarisation as previously described, and ROS detoxification system
damage. This can include biomolecules and enzymes such as GSH by catalytic GSSG formation and
peroxiredoxin modulation shown by RM175 which can bind to the resolving cysteine Cys173 of
Peroxiredoxin 1 during hydrogen peroxide detoxification’>8%8!, However, there is debate on if ROS is

generated by AWm changes or if AWm changes result in ROS generation’.

Taking these mechanisms into consideration, these results may be due to a multitude of compounding

factors. The most likely explanation is that at 24 hours exposure, complex 9, due to lack of AWm
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alteration, likely has of redox activity inducing ROS. This would contrast 7 which exhibits higher levels
of ROS, induces ROS through mitochondrial hyperpolarisation, GSH conjugation and exhibiting redox
activity inducing ROS. Redox capability of these complexes could be assessed by cell free xylenol

orange-based assays in future work®?.

During AWm and ROS generation studies, 7 and 9 were noted to induce nuclear softening allowing the
formation of convex nuclei. Furthermore, in 9 treated cells there is a decrease in DAPI fluorescence in
comparison to the negative control. It must be noted that EOC has been documented to possess mildly
convex nuclei as seen in the negative control induced by non-cytotoxic nuclear grooving inducing a
bean-shaped morphology®:. Nuclear softening is widely associated with DNA damage from aberrant
structural protein expression, and genetic and chemical influences®. This often manifests as increased
convexity®. Softening occurs due decreased actin and lamin A/C binding/expression, decreased lamina
thickness, extent of chromatin condensation and nuclear protein expression®¢, Beyond this there is
conflicting information on the reasoning behind morphological changes, due to the complexity of
chromatin structures, DNA damage responses, and staining procedures®*#8_CDDP binding has been
documented to induce nuclear softening and global chromatin relaxation, also seen by in nuclear
morphology changes in this work®”. However, this then subsides to increased chromatin condensation,
nuclear fragmentation associated with apoptosis, but increased stain fluorescence is maintained®-,
This demonstrates that nuclear morphology is a highly transient dependant on many factors. This
suggests that while 7 and 9 both induce DNA damage, the extent or type of damage cannot be

discerned from morphology.

With apoptotic death being considered the most effective method of fighting cancer bar surgery, and
the primary MOD resultant from DNA, it was investigated by flow cytometry®l. Results suggest that
both complexes do induce apoptosis. Furthermore, are consistent with 9 taking longer to activate than
9 with 7 exhibiting more apoptosis than 9 in 24 hours. DNA damage is a significant inducer of intrinsic

apoptosis especially though the activity of p53 which goes on to activate and inhibit many subsequent
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biomolecules including PUMA, PAX, p53AIP1, APAF-1, miR-34A, BCL-2 and BCL-X.°*%. However,
apoptosis through p53-independent mechanisms can also occur through p73 which mediates PUMA
and BAX to induce mitochondrial permeabilization and cytochrome C release, and Nur77 which can
also affect mitochondria inducing cytochrome C release®®. Considering the ICso values of 7 and 9 in the
HCT116 p53+/+ and p53-/- cell lines, the induction of apoptosis from DNA damage does not to appear
to rely on p53, further the potency of 9 further improved in HCT116 p53-/-. This is highly remarkable
and highly beneficial as many cancers lack a functional p53°2. However, DNA damage can also initiate
necrosis and autophagy using PARP and mTorc/TSC2 respectively®. Considering the significant increase

in the non-viable population, necrosis should also be considered as an MOD.

DNA damage can induce cell cycle arrest at any point in the cell cycle program. Similar ruthenium
complexes with dimethylamine phenyl ring substituents that have been documented to induce DNA
damage arrest in G;, while CDDP has been demonstrated to induce arrest in both S phase and
Go/MP79%%5 Gy arrest is the primary restriction point of cell cycle and the starting point of replication,
therefore arrest here indicates that cell is too damaged, old, experiencing too many toxin signals and/or
has an insufficient nutrient source for replication, forcing the cell into arrest, evaluated by cyclin-
dependant kinases, RB, ATM and p53°’. This contrasts later arrest such as S phase or G,/M where
progression is halted due to damage that occurs during replication such as replication fork stalling and
structural damage evaluated by ATM, ATR, CHK1/2, WEE1, CDC25 and CDK2/1 or Aurora B, MCC and
APC/C, respectively®®®’. Here, 9 induced G; arrest by compromising the S phase population, indicating
that 9 also induces DNA damaged in a similar fashion to similar ruthenium ImPy complexes®’. However,
complex 7 while not statistically significant at p=0.06 (likely due to the wider variance in the analysed
samples), there was a substantial increase in the sub-G; population by 10.2% by similarly compromising
the S phase population. This suggests, both complexes prevent initiation of cell cycle from the

restriction point.

193



Due to the methodology of cell cycle arrest analysis by Pl and RNase staining, Sub-G; analytically stems
from cells with less Pl fluorescence than the G; population, G2/M being double the G; peak from having
double the DNA content from replication, and S being in-between from DNA being replicated and not
having a full second copy of DNA (Figure 4-33)°%°°, This is due to Pl being a non-specific DNA intercalator

[°°. The decrease

and the amount of fluorescence being proportional to the amount of DNA in the cel
in Pl fluorescence of cells resulting in the sub-G; population could be due to decreased concentration
of DNA for Pl intercalation or prevention of DNA intercalation. While which cannot be ascertained from
the flow cytometry data, the decrease fluorescence is still highly indicative of DNA damage, and further

that the extent is far more than that exhibited by 9, further supporting the faster activation/delayed

activation of 7 and 9 respectively.

In this work, the wound healing assay has been used to evaluate invasion inhibition in parallel with the
colony formation assay to evaluate metastasis. 7 was highly effective at inhibiting wound healing and
colony formation, this highly contrasted 9 which was no more effective than the untreated control in
wound healing and fractionally inhibited colony formation. While this differential behaviour further
highlights that the presence of the spacer drastically alters the MOA of the complex, these results are
contradictory to other results presented in this chapter. It would be expected that due to complex 9
having a lower ICso with recovery time that 9 would be more effective in the wound healing assay and
the colony formation assays due to having a 72- and 168-hour recovery time respectively. Therefore,
lack of activity is unlikely due assay time. One reasoning may be due to the MOA of the complexes.
Metastasis and invasion mechanisms are composed of a diverse array of signals, enzymes and proteins.
Some examples include the alteration of adhesome including integrin and cadherin binding and
expression, the employment of MMPs, and intercellular signalling changes of TGF-B signalling through
SMAD2/3/4%%0-193  Eyrthermore, these MOA are often distinct from antiproliferative MOA. Therefore,
it may be that the unlinked complex 7 can affect these antiinvasive and antimetastatic pathways while

9 cannot.
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Figure 4-33: Representative cell cycle population proportions of untreated A2780 cells
demonstrating the methodology of cell cycle determination by flow cytometry with Pl and RNase
staining. Demonstrating that there is twice as much PI fluorescence in the G,/M population than in
the Gi population due to there being twice as much DNA to bind to.

ICP-MS work here demonstrates that the addition of the spacer reduces ruthenium accumulation.
Following 24 hours exposure, there was a significant increased uptake of ruthenium in 7 treated cells
over 9 treated cells by 0.057 fmol/cell. Noting that complex 9 has a higher lipophilicity than 7, -0.21
and -0.41 respectively, this suggests that the accumulation of ruthenium of 9 treated cells should be
higher. From an uptake perspective, increased lipophilicity aids transport across the CCM in a passive
diffusion mechanism due to the phospholipid bilayer of the CCM%. Additionally, increased lipophilicity
aids active uptake mechanisms, with LogP values between 0 and +3 is favoured for optimal active
transport*®®#, This suggests other factors are involved uptake including complex charge, electron

density across the complex and steric behaviour of the spacer and the phenyl moeity®%1%. Many similar
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complexes use an active uptake mechanism to enter the cell, which has been demonstrated by
temperature dependant accumulation assays'%®1%7, As part of this method of analysis, efflux must also
be considered. Considering that complex 7 interacts with GSH while complex 9 does not, this suggests
that 7 may undergo more detoxification and efflux. However, other efflux mechanisms should be
considered such as ATP-dependant ABC-transporters such as MRP2 and MRP1-5, which can contribute

to the decreased levels of 9 ruthenium accumulation®’:1%,

From metal accumulation data coupled with treatment efficacy; potency is dependent on ruthenium
content, a trend seen by many complexes®”6%105109.110 |f this trend continues the recovery period, this
predicts that 7 may be more vulnerable to efflux in the recovery period, consistent with GSH
toxification as demonstrated by GSH UV-Vis interaction. Overall, this suggests that while the uptake of
complex 9is reduced in comparison to 7, leading to the lower potency at 24 hours exposure only, there
is indication that the efflux of complex 9 is also hindered in the recovery period. This would allow for

a longer intracellular localisation, therefore be more beneficial as a long-term treatment.

The localisation of ruthenium caused by exposure to these complexes is similar; both 7 and 9
predominantly localise to the membrane and organelle fraction. These localisation patterns agree with
localisation predictions from lipophilicity*®. The membrane and organelle fraction of the kit used
encompasses all cellular membrane proteins and organelles®. While localisation of the metal can be
highly beneficial to understanding potential targets of a treatment, it is only indicative. For example,
CDDP is canonically known as a DNA damaging agent, yet it is widely documented that only 1% of a
total CDDP dose localises to the nucleus!'*™11>, This is also supported by the data collected here with
platinum of CDDP treated cells predominantly accumulating in the membrane and organelle fraction.
Therefore, it is likely that 7 and 9 do not need to be primarily localised to the nucleus and DNA damage
to induce significant DNA damage. This accumulation pattern could be due to other cellular pathways

including other MOA, influx and efflux pathways and other intercellular transport pathways.
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4-4.4: DNA damage differences induced by ImPy and ImPy-Bn

complexes

Due to the indications that DNA damage induced by 7 and 9 DNA damaged was investigated further as

a primary MOA of these complexes.

As ctDNA interaction was documented following 24 hours incubation with the formation of an
isosbestic points for most of the complexes in this family, including complexes 7 and 9, ctDNA titration
binding assay was done to assess type of interaction. Both complexes interacted with ctDNA with a
hyperchromic shift. This has been widely documented to corelate with DNA unwinding, as unwinding
allows for increased it = m* excitement and increased absorbance®!®. In addition, hyperchromism has
been documented to correspond to dsDNA groove binding, electrostatic interactions and in some cases

116119 This contrasts hypochromism which is associated with non-covalent

covalent bonding
intercalative binding!?°. This is consistent with 7 and 9 inducing DNA damage indicated by the nuclear
morphology. Organic Schiff bases which have been used as the bidentate ligand in organometallic
complexes have also been documented to induce hyperchromism with ctDNA though electrostatic
binding'®. This highly indicates that these complexes also due to having Schiff base bidentate ligands
could be interacting to ctDNA through electrostatic binding unwinding DNA. To investigate DNA
interactions more closely, interactions with 9-EtG, a commonly used analogue for nucleotide
interactions with organometallic complexes!?'™123, Only complex 9 demonstrated a hyperchromic effect
with 9-EtG, associated with electrostatic binding to oxygen and phosphate in addition to covalent
binding to N7%%, It has been documented that complexes which exhibit hard Lewis acid activity favour
the negative charge of the phosphate sugar of the nucleotide and preferably bind to the highly basic
nature of Guanine-N7%?, Similar ruthenium complexes including RM175 have been documented to be

hard Lewis acids'?®. This is highly suggestive that these complexes function as Lewis acids and

preferentially bind to the phosphate backbone of ctDNA. Further, complex 9 then has the additional
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benefit of being a hard enough Lewis acid to also interact with 9-EtG. Experimental data here suggests
that this could be due to the broken resonance causing the increased Mulkin charge of the ruthenium,

increasing its hardness as a Lewis acid.

Due to the strong chemical indications that complexes 7 and 9 have a DNA-based MOA though the
damage of DNA unwinding and base damage, the ability of the complexes to induce in vitro DNA
damage was investigated using the comet assay!?’. The differential behaviour of these complexes was
consistent with previous experiments as 7 did not induce significant levels of DNA breakage while 9
did. Considering the results from the UV-Vis titration studies and the reduced levels of dsDNA stand
breakage in complex 9 treated cells from the gamma-H2A.X analysis, alkali-labile adducts and ssDNA
are like the most likely are the predominant form of DNA damage seen in the complex 9 treated comets.
ssDNA breaks are low-level damages considering the scale of DNA damage that can occur and are
routinely repaired using the Base Excision repair (BER) system'?%12°_ BER relies on DNA N-glycosylases
to sense and initiate the first stages by excising damaged bases forming abasic sites, following which
APE1, DNA polymerase B, DNA ligase 1/3 and XRCC1 to cleave, repair and ligate DNA respectively?®
130 However, this mechanism repairs scheduled ssDNA breaks that occur during replication and other
DNA maintenance procedures. This contrasts BER triggered by PARP which detects unscheduled ssDNA
breaks!*°. PARP1 binds to DNA through zinc finger motifs, and when ssDNA breaks are detected, PARP1
induces PARslyation of PARP enzymes, XRCC family enzymes and histones H1 and H2b using NAD* and
ATP to initiate chromatin reorganisation and DNA repair'?>13°, This may explain the lesser extent of
antiproliferative activity of 9 at 24 hours compared to 7 as the damage induced is less toxic and can be
initially repaired through the BER system. However, overactivation of PARP1 in cells can cause the
overconsumption of NAD* and ATP for PARslyation leading to the induction of apoptotic and necrosis

has also been documented*3%-*32,

Due to substantial levels of DNA damage being evident in complex 9 treated cells, dsDNA break

incidence was investigated by gamma-H2A.X fluorescence. Gamma-H2A.X is a histone variant with a
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conserved SQ motif at the carboxy tail that is phosphorylated by ATM and ATR on Serine 139 when
dsDNA breaks occur’3*134, Due to its highly sensitive nature, it is routinely used by immunostaining and
flow cytometry to assess dsDNA breaks in the cell**. While both complexes exhibited significant levels
of dsDNA breaks, 7 induced more breaks following 24 hours exposure. However, it must be noted that
taking consideration of the gamma-H2A.X fluorescence intensity with the comet assay, this suggests

that while complex 9 does not induce dsDNA damage,

7 does include dsDNA damage, their frequency is much lower than

This corelates with its more potent nature at 24 hours without recovery time as dsDNA breaks are
considered to be the most lethal form of DNA damage®'°. Therefore, the more potent nature of 9 with
recovery time could be due to the pathway to transform ssDNA breaks to dsDNA breaks. After ssDNA
breaks develop, repair is attempted through PARP activation. However, if a high volume of ssDNA
breaks occur, breaks can arise in close proximity on opposite strands, forming dsDNA breaks.
Additionally, if repair fails and ssDNA breaks persist, when the cell progresses through cell cycle,
replication fork stalling can occur causing dsDNA breaks?%3%, However, this requires one; chance, and
two; time, to allow the opportunity for two ssDNA breaks to occur in proximity and for cell cycle to
occur respectively. Regarding cell cycle, within the 24 hour exposure period, A2780 cells have the
opportunity to undergo a maximum of two cell cycles due to having a doubling time of ~16-18
hours*”13 Meaning, of the fraction of ssDNA breaks that do not get repaired, a further fraction may
induce dsDNA breaks. However, when 72 hours recovery time is included, this increases chances for
repair failures, fork stalling, and fatal dsDNA damage formation in addition to any dsDNA breaks that

may occur directly from 9 interaction with DNA.

Moving away from direct DNA damage to chromosomal MOA, leucine and arginine rich histones which
interact with and give a quaternary structure to DNA using acetyl and methyl groups are also associated

with induction of genomic damage if dysregulated!®*'*!, DNA-histone interactions are tightly
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controlled by a variety of enzymes that add and remove the acetyl and methyl groups to histones

including Histone AcetylTransferase, HDAC, Methyl Transferases and de-methylases!3%14

. Despite
HDAC possessing a zinc finger motif, similar to PARP1, interaction with metallic complexes is often
through an organic HDACi derivative active cargo moiety, and by extension having a similar binding

142-144 However,

mode as the HDACi it was derived from as seen with the SAHA derivative complexes
some gold complexes have been found to inhibit HDAC through a novel mechanism of blocking entry
and exit of the active site channel by porphyrin ring ligands*>%6, Due to this potential, the ability of
these complexes to inhibit HDAC was investigated. Complex 7 significantly inhibited in situ HDAC
activity while 9 did not. This difference may be due to structural and physicochemical differences
between 7 and 9. The spacer potentially prevents interaction to the Zinc atom of the HDAC, the
associated amino acids ASP267, ASP178 and His180, or other key amino acids in the hydrophobic
binding channel including Tyr 306, Tyr745, Pro464, Phe583, His463 and Gly473 due spacer causing a
bend in the bidentate ligand if behaviour is similar to previously examined metallic complexes**144,
Furthermore, the ability of 7 to induce HDAC inhibition without an organic HDACi moiety is highly
remarkable. Resulting HDAC inhibition leads to increased acetylation of histones and the opening of
the chromatin structure by weakening the electrostatic interaction between the histones and DNA,
Excessive unwinding can lead to underwinding; classified as negative supercoiling of DNA which allows
for opening of DNA'. Underwinding is routinely achieved by Topoisomerases to introduce DNA

148149 Yet, excessive underwinding reintroduces local

relaxation for transcription and replication
tension, in addition to overwinding tension in flanking areas, genomic extension, formation of
abnormal structures including palindromic hairpins, Z-DNA, R-loops and D-loops. In addition, if
unwinding is too fast and forceful, can induce significant damage through electrostatic interactions*-

151 Topoisomerases including TOP1, TOP1mt and TOP3 can ameliorate these disruptions by introducing

transient breaks, but rely on undamaged DNA¥. Therefore, if complex 7 is bound to the major grooves
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of DNA, as shown by ctDNA binding, topoisomerases can stall, introducing dsDNA breaks as seen,

providing a consistent MOA for 7.

4-5: Conclusion

Linkers are widely used in pharmacology to allow the addition of active cargos, prevent steric
hinderance and add extra functions to a molecule. Here, the use of a spacer within a ImPy bidentate
piano-stool complexes was investigated. It was demonstrated that the methylene spacer can greatly
improve anti-proliferative activity of [Ru(n®-p-Cym)(ImPy)X]PFs complexes up to 6.5X versus their
unlinked counterpart. Structural and electron density calculations suggest that this due to the
disruption of bidentate ligand resonance which induces a more positive ruthenium centre and
monodentate | ligand. This leads to alterations in biochemical interactions, uptake, complex activation,

and MOA. However, the addition of the spacer inhibits anti-invasive and antimetastatic activity.

The MOA of complex 7 and 9 is to induce DNA strand breaks. However, the presence of the spacer
greatly alters how following 24 hours exposure. A potential mechanism for complex 7 may involve the
underwinding of DNA through electrostatic groove binding coupled with inhibition of histone
acetylation. DNA underwinding can lead to strand tension, the development of hairpins, Z-DNA, R-
loops and D-loops, but also increased protein interaction stabilisation. This leads to the development
of dsDNA breaks, which induces cell cycle arrest and apoptosis. In comparison, results suggest complex
9 interacts with DNA through electrostatic groove binding and adduct formation causing ssDNA breaks,
following which DNA damage is detected, inducing cell cycle arrest. Following the opportunity to
undergo cell cycle and DNA replication where BER can be induced to combat the ssDNA breaks inducing
cell cycle arrest, potential excessive PARP1 recruitment due to the extent of ssDNA breaks, there may

be induction of apoptosis through NAD* and ATP overconsumption.

In addition to these potential pathway differences, the time frame for damage of these complexes is

significantly different and alters the longer-term MOA. With the disruption of resonance, there is a
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predicted increase in activation time of these complexes, supported by the antiproliferative activity
studiesin A2780. This means that while complex 7 may undergo detoxification and cellular efflux during
the recovery time, complex 9 can continue to induce DNA damage, meaning more ssDNA breaks can
be induced and allow the development of more serious damage and triggering of prolonged stress
responses. This is supported by the highly potent antiproliferative activity of 9 with recovery time.
However, these predictions should be confirmed by assays with a 72-hour recovery time following

treatment.

Noting these significant differences that can be seen with unmodified complexes, there is high
potential for the use of spacers in other piano-stool organometallic complexes to further improve

potency.
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5-1: Introduction

5-1.1: The cell cytoplasmic membrane and beyond

The cell cytoplasmic membrane (CCM) is a highly integrated mechanostructure providing a robust,
dynamic and flexible surface for the containment of intracellular structures, and as a communication
and exchange platform between cells and the ECM™. To enable this, the CCM is in command of many
essential functions including cell and tissue structure, transport, and intercellular communication and

scaffolding.

The primary model used to demonstrate the CCM is the fluid mosaic model, first described in 1972%2,
To undergo its many functions, the CCM is highly complex, hierarchal, amphiphilic, asymmetrical, and
an ever-changing structure of mainly lipids and proteins. The amphiphilic nature of the CCM stems
from the phospholipid bilayer held together predominantly by hydrophilic interaction and Van de Waals
forces, allowing for the positioning of polar and non-polar constituents to be anchored on and within3.
There are several types of phospholipids in the bilayer, differing in head group, tail length, and tail chain
saturation®. Depending on cell type, differing concentrations of lipids alters CCM functions by adjusting
fluidity for environment and purpose specificity (Table 4-7)>. Further, the many assorted types of
phospholipids have specialised functions within the CCM. One example, phosphatidylinositol, is key in
CCM trafficking, golgi body functions, exocytosis, proliferation, and cell CCM curvature®. Another
example is cholesterol, while not a lipid, it is a key regulator of lipids and an essential component for
CCM rigidity, explaining why concentrations are lower in blood cells due to needing high CCM fluidity

for transport®.

Within the lipid bilayer, many types of protein reside, and are grouped by layer. Integral proteins
constitute approximately one quarter of genes and are usually globular with areas of hydrophobicity

to allow hydrophobic matching for integration through the CCM for anchorage as are used for ion and
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nutrient transport, signalling, protection and adhesion’*’. One prime example is G-protein coupled

receptors in their role in cancer development and treatment®°. Examined in this work are the type |

single membrane pass integrins. As heterodimers predominantly composed of a and B subunits,

integrins traverse the CCM serve as the intermediate between the ECM and the cytoskeleton®!. Varying

combinations of heterodimers allows the binding of different ECM molecules, further binding can be

specific for example a5B1 to fibronectin, or redundant such as avp3 to fibronectin, vitronectin,

collagen, and others!?, With alterations to binding through ECM stress, rigidity and downstream

signalling through the LINC complex can be initiated, causing alterations in the nuclear pores, allowing

YAP/TAZ translocation, chromatin remodelling and transcription alteration through the clutch theory'®.

This can lead to a range of effects including hippo pathway activation, actin polymerisation, increase in

proliferation, stemness and mobility signalling and cell migaration

13,14

Table 4-7: Proportional cell cytoplasmic membrane lipid composition of the cancerous lines HT-29,
MDS-MB231 and Jurkat cells highlighting that differing cell types possess different membrane lipid
compositions to aid cell function®.

Lipid (%)

Colon Cancer

Breast Cancer

T-Cell Leukaemia

(HT-29) (MDS-MB231) (Jurkat)
Phosphatidic acid 0.5 0.5 0.3
Phosphatidylinositol 4 4 12.5
Phosphatidylglycerol 0.5 0.5 0.3
Phosphatidylserine 4 4 7.5
Phosphatidylethanolamine 2 4 14
Phosphatidylcholine 9.5 12 40
Phosphatidylethanolamine-ether 7.3 10.5 3
Phosphatidylcholine-ether 16.8 1.5 3.4
Sphingomyelin 2.5 8.3 4
Diacylglycerol 25.8 51.7 0.5
Cholesterol N/D 35 23
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Peripheral proteins reside on the surfaces of the CCM through electrostatic bonding to the
phospholipid head groups and glycosylated molecules®. This results in two dominant features; one,
they can be removed from the CCM without damage, and two, are can be used in structural roles
enabling curvature, binding, attachment and molecule transport3. One example is the annexin family

which are calcium ion receptors utilised in cell cycle, exocytosis and apoptosis'>?®.

Associated proteins interact with the CCM, but do not directly interact with the lipid bilayer®. In parallel
with the complexity of the CCM itself, this group is highly variable to associate with the CCM in a variety
of ways. This family compasses mainly insoluble, structural the constituents of the ECM and
cytoskeleton. The ECM mostly consists of water, structural proteins, enzymes, and growth factors, with
significant variations occurring between tissues”!8, Structural proteins are used as fibrous scaffolds for
cells, one example being collagen, which is the dominant scaffold being ~30% of all ECM®8. Enzymes
include MMP proteins which allow for structural modification of the ECM allowing for growth,
angiogenesis, wound healing, and tissue regeneration in normal microenvironment, in addition to

invasion, migration and metastasis in cancerous microenvironments®®.

In cancer, in line with mass dysregulation within the cell, the cell CCM and ECM is also highly
dysregulated. Membrane lipid composition differs not only between cancerous and normal cells, but
further between different cancerous cell types, and with additional fluctuation depending on cell needs
at a particular point in disease progression®. This can manifest as altered levels of lipids, location and
saturation, especially favouring increased lipid tail saturation for increase resistance to ROS damage,
improve lipid raft number and capabilities for CCM presentation and has been noted in drug
resistance®>. Another example is phosphatidylethanolamine which has been observed to flip from
localising from the inner CCM to the outer CCM in cancerous cells, preventing its use in detrimental
activities including protein chaperoning for autophagy regulation and protease activity in apoptosis®.

Yet, these advantages are coupled with the disadvantage of decreased CCM fluidity and prevention of
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beneficial lipid functions. Protein contents can also vary depending on the phenotype required and can
result from both genomic mutation and epigenetic dysregulation. For example, in EOC, a581, a6B4 and
aVP3 integrins have been shown to be upregulated®. This increases capability to bind to fibronectin,
laminin and vitronectin, improving disease invasion properties, corelating with disease progression'?.
Highly dysregulated ECM and cell bonding in cancerous tissues, allows for disordered histology and
improved capabilities for uncontrolled growth and spread®.. It has been observed that a cancerous ECM
is similar to an unresolved wound ECM, in which it becomes stiffer, and pressure increases in line with
the increase in collagen and elastin expression®®. In EOC, substantial increase in collagen-I, collagen-V
and hyaluronan, in addition to increases in versican, fibronectin and tenascin-C and -X which have been

associated with advanced disease progression and treatment inefficiency®’.

5-1.2: Organometallic complexes and the cytoplasmic membrane

The abnormalities of cancerous CCM can offer potential treatment specificity towards cancerous
cells*>22, If the CCM is compromised sufficiently, cell death can be initiated through several MOD,
including the type | death process anoikis. As a relatively new MOD discovered in the last 30 years,
there has been great interest into the differences between anoikis and apoptosis mechanisms?. This
MOD is centred around the loss of integrin binding to the ECM, leading to the activation of intrinsic
and extrinsic apoptosis pathway activation through Bid/Bim and FAS/FAS ligand activation and
upregulation respectively, culminating in Caspase 3 activation, subsequent target proteolysis and cell

death???4,

However, there is concern when targeting the CCM that necrosis can occur. While necrosis is common
in advanced solid tumours due to oxygen and nutrient deprivation, it can also be caused by
chemotherapy and radiotherapy?. Necrosis leads to the release of cell content into the ECM including

proinflammatory and growth factors, encouraging survival and growth in the surrounding area®>?¢. This
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can lead to unfavourable repercussions including inflammation, tissue damage and treatment

resistance?®?’.

Currently, there are a very limited number of ruthenium complexes that specifically target the CMM.
The principal example is NAMI-A, which interrupts the asf integrin and fibronectin binding, preventing
FAK autophosphorylation in addition to MMP2/9 inhibition and cytoskeleton remodelling, likely
through integrin binding modification?®=°, Unfortunately, the NAMI complexes are severely limited by
their inactivity in primary tumours322, The activity of NAMI-A is viewed to be unique with minimal
evidence of other organometallic complexes exhibiting similar behaviour. This indicates that there is

potential to expand upon CCM targeting treatments against cancer.

5-1.3: Atom bioisosteric replacement

In Chapter 3, complex 6 was shown to have significant effect on SKOV3 cells and induce multiple MOA.
Complexes with similar chemical structures have also been documented with dimethylamine phenyl
ring substitution which have also been shown to be highly effective®?. Especially in the case of the
osmium piano-stool FY26, which can successfully achieve nanomolar I1Cso values in many cancer cell

lines with significant performance in the Sanger screen of 806 cancerous cell lines*.

The comparison of carbon and nitrogen atom substitution has been explored in several functional
groups of the bidentate ligand. The substitution of AzPy (nitrogen containing) to ImPy (carbon
containing) has been shown to have slightly differing effects in osmium complexes when inhibiting the
proliferation of A2780 cells, depending on the monodentate halogen, yet there is no substantial
differences in the potency®. In comparison, the substitution of one co-ordinating atoms in two iridium
piano stool complexes shown in Figure 4-34 was shown to have profound effects>¢, Despite there
being no significant differences in key bond lengths, only differing in overall charge, complex behaviour
significantly differed with the 2-phenylpyridine complex exhibiting significant adduct formation with 9-

EtG and 9-methyl guanine, and substantial potency in A2780, while the bipyridine complexes did
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not3>3¢, While this bioisosteric replacement can have significantly differing effects dependant on the
function groups being altered, there has been minimal work in line with other minimal bioisosteric
replacements and the evaluation of a single atom replacement of the phenyl ring, often favouring
whole functional group substitution. Noting, the efficacy of the base bidentate structure shown in

Figure 4-35, the efficacy of other R group atom variants may offer differing behaviour.

Figure 4-34: Two iridium based piano stool complexes with bioisosteric replacement of the atom
involved in the ligand-metal coordination bond>*3¢

Figure 4-35: Structure of the bidentate ligand shown to have notable potency in multiple cell lines
where R=CH or N.

5-1.4: Overview of work in Chapter 5

This chapter evaluates the bioisostere replacement in the phenyl ring of the bidentate ligand from
hydrogen to an isopropyl, hydroxyl, methoxy, methylthio or dimethylamine group, assessing in the
physiochemical and biological activity of the complexes. This was achieved by the synthesis and
characterisation of the series, followed by antiproliferative activity screening in a variety of cell lines to
determine structure activity relationships. The best candidates, complexes 6 and 22, were then taken
forward for comparison to understand differences in MOA in the EOC cell line A2780. Noting the

significant effect on the adherence of cells treated with 6, effects on the CCM were investigated further.
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5-2: Experimental section

5-2.1: Iminopyridine ligand and complex synthesis

ImPy ligands used in this chapter are shown in Figure 4-36. Ligands were synthesised using the synthetic
scheme shown in Scheme 2-1 except for ImPy-4-OH which was synthesised in previous work®’. Ligands

L1, L6, and L11 were used in previous chapters. Full synthetic information is given in Appendix Il.

L1 NI\ L6 NI\ NI\
N N N
SAMV GRS >y
\CH HO

|
L11 Ny L18 Ny 119 N7

Figure 4-36: Structures of the six ligands used in Chapter 5. Atom bioisosteres are highlighted in blue.

Complexes were then synthesised using the synthetic scheme shown in Scheme 2-2. Synthetic

information for complexes 1, 6, 11 and 14 are detailed in previous chapters.
5-2.1.1: Complex 21 - Ru(L18)CI(PFs), Ru(n®-p-Cym)(ImPy-4-SMe)CI]PFs

According to reaction Scheme 2-2 dichloro(p-cymene)ruthenium(ll) dimer (108.6 mg, 0.18 mmol) was
reacted with L18 (81.0 mg, 0.35 mmol). Following which, ammonium hexafluorophosphate (144.5 mg,
0.89 mmol) was added producing a final solid weighing 182.6mg (83.55%). 'H NMR (400 MHz; DMSO-
de) 5 0.98 (d, J=6.8 Hz, 6H), 2.17 (s, 3H), 2.49 (m, 1H), 2.59 (s, 3H), 5.59 (d, J=6.2 Hz, 1H), 5.67 (d, 6.1
Hz, 1H), 5.77 (d, J=6.2 Hz, 1H), 6.11 (d, J=6.2 Hz, 1H), 7.49 (d, J=8.6 Hz, 2H), 7.77 (d, J=8.6 Hz, 2H), 7.78

(qd, J=5.7, 1.6 Hz, 1H), 8.25 (d, J=7.8 Hz, 1H), 8.31 (t, J=7.7 Hz, 1H), 8.89 (s, 1H), 9.56 (d, J=5.5 Hz, 1H).
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13C NMR (400 MHz; DMSO-ds) 6 14.40, 18.33, 21.56, 21.76, 30.49, 84.68, 84.92, 86.22, 86.67, 103.84,
104.89, 123.13, 125.97, 128.75, 129.88, 139.91, 140.90, 148.43, 154.59, 155.96, 166.82. m/z (ESI-MS)
found a highest intensity peak for the fragment of 499.06, with a calculated of 499.06 (M+

[C23H26N25C|RU]+).
5-2.1.2: Complex 22 - Ru(L19)CI(PFs), [Ru(n°-p-cym)(Imi-4-N(CHs)2)Cl] PF¢

According to reaction Scheme 2-2, dichloro(p-cymene)ruthenium(ll) dimer (107.1 mg, 0.17 mmol) was
reacted with L19 (78.8 mg, 0.35 mmol). Following which, ammonium hexafluorophosphate (142.5 mg,
0.87 mmol) was added producing a final solid weighing 199.2mg (88.85%). *H NMR (400 MHz; DMSO-
de) 6 0.98 (dd, J=6.9, 2.1 Hz, 6H), 2.18 (s, 3H), 2.45 (m, 1H), 3.06 (s, 6H), 5.61 (t, J=7.1 Hz, 2H), 5.76 (d,
J=6.1 Hz, 1H), 6.09 (d, J=6.1 Hz, 1H), 6.9 (dt, J=9.0, 2.1 Hz, 2H), 7.69 (dt, J=9.1, 2.0 Hz, 2H), 7.79 (qd,
J=5.6, 1.5 Hz, 1H), 8.17 (d, J=7.94 Hz, 1H), 8.25 (td, J=7.8, 1.3 Hz, 1H), 8.76 (s, 1H), 9.49 (d, J=5.4 Hz,
1H). 3C NMR (400 MHz; DMSO-dg) & 18.31, 21.54, 21.74, 30.47, 39.87, 84.44, 85.00, 86.43, 86.72,
103.72, 104.27, 111.47, 124.12, 127.84, 128.67, 139.70, 140.45, 151.17, 155.09, 155.72, 162.07. m/z
(ESI-MS) found a highest intensity peak for the fragment of 496.11, with a calculated of 496.02 (M+

[C24H29N3C|RU]+).

5-2.2: Cell studies in A2780

For all following experiments, A2780 cells were treated with full media as a negative control. All
treatments were used equipotently at ICso concentrations with CDDP and PTX, as positive and as EOC
gold standard of treatments, in addition to complexes 6 and 22. Additional concentrations of 6 and 22
at 0.5X and 2X I1Cso were used for selected experiments. Cells were exposed to treatment for 24 hours

unless stated otherwise.
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5-2.2.1: Cell detachment studies

A2780 cells were seeded at 1.2X10° cells per well in 12 well plates and incubated for 24 hours. Cells
were then treated equipotently in triplicate. Following exposure, supernatant was collected, wells were
washed with 1000 pL of PBS three times and washes added to the supernatant population. This was
termed the suspended population. Attached cells were then harvested by trypsinisation, termed the
adherent population. Triplicates for suspended and attached populations were counted using a

haemocytometer.

5-2.2.2: JC1 staining for mitochondrial polarisation by flow cytometry

A2780 cells were seeded at 1X10° cells per well in 6 well plates and incubated for 24 hours. Cells were
then treated equipotently in triplicate for 24 hours. Positive populations were exposed to 5 uM
Carbonyl Cyanide Chlorophenylhydrazone (CCCP) for 15 minutes were used as a positive control.
Keeping the supernatant population, cells were washed with PBS and harvested by trypsinisation. SCS
were then stained using the JC-1 Mitochondrial Membrane Potential Detection Kit (Biotium) per

manufacturer’s instructions. Samples were then ran by flow cytometry.

5-2.2.3: Temperature and time dependant metal accumulation by inductively

coupled plasma mass spectrometry

A2780 cells were seeded at 4X10° per p100 dish and incubated for 24 hours. Following which cells were
treated per the scheme shown in Figure 4-37 in triplicate. Following treatment, samples were collected,

digested, and analysed per the protocol detailed in Chapter 2.
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12 replicates treated with complex 6 or 22 3 hours exposure 6 hours exposure
277K

i
\310K

Figure 4-37: Diagram of the treatment conditions used for the temperature and time dependant
metal accumulation studies. Briefly, twelve p100 dishes were treated at ICso concentration of 6 or 22,
these were then divided between four treatment conditions: 3 hours at 277 K, 6 hours at 277 K, 3
hours at 310 K and 6 hours at 310 K, allowing for triplicates for each test condition.

5-2.2.4: A2780 cell lysate collection

A2780 cells were seeded at 4X10° cells per p100 dish and incubated for 24 hours. Following incubation,
cells were then treated equipotently with the addition of 6 and 22 at 0.5 and 2X ICsq, and 0.1 pM STS
in triplicate. Following exposure, cells were collected by trypsinisation, washed with PBS, and digested
by incubation in 250 pL X2 Cell lysis buffer (Item J, Sigma) and 250 pL PBS on ice for 30 minutes.
Following digestion, the solution was centrifuged at 12,000 RPM at 4°C for 30 minutes with the
supernatant collected for further analysis. Cell lysates were then used to determine protein content by

Bradford assay and Caspase 3/7 activity assay, detailed in Chapter 2.
5-2.2.5: Extracellular matrix binding assay

A2780 cells were seeded at 1.2X10 cells per p150 dish and incubated for 24 hours. Following incubated
cells were treated equipotently with CDDP, 6 or 22. Following exposure, supernatant was collected,
cells were washed with PBS and harvested using 15 mL 0.48 mM Versene solution. Collected cells were
centrifuged at 1000 RPM for 5 minutes, supernatant was removed, cells were resuspended in 10 mL
PBS then passed through a 70 um cell strainer to ensure a SCS. SCS was then counted for each
treatment from which 4.8X10° cells were taken and centrifuged. After supernatant was removed, cells
were resuspended in 3.2 mL of assay buffer from ECM Cell Adhesion Array Kit assay (SigmaAldrich)

buffer to generate a SCD of 1.5X10° cells per 100 pL. The binding assay was then conducted using the
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ECM Cell Adhesion Array Kit (SigmaAldrich) shown in Figure 4-38. Absorbance was taken at 555 nm

exported to Microsoft Excel for processing.
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Figure 4-38: Plate layout for the extracellular matrix binding assay to allow for triplicates for each
treatment for the eight extracellular proteins in the plate.

5-2.2.6: Transwell invasion assay

Protocol was based on the migration assay conducted by Bergamo and colegues®. A2780 cells were
seeded at 1X10° cells per well in 6 well plates and incubated for 24 hours. Following incubation, cells
were treated equipotently in RPMI-1640 only supplemented with and 0.1% (w/v) BSA. Following
exposure, supernatant was collected, cells were collected with 1 mL 0.48 mM Versene solution. The
SCS were then centrifuged at 1000 RPM for 5 minutes, supernatant removed, washed with 2 mL PBS,
passed through a 70 um cell strainer and centrifuged again. PBS wash was removed, cells were
resuspended in RPMI-1640 only supplemented with and 0.1% (w/v) BSA, counted and diluted to a SCD
of 5X10* cells per 200 pL. SCD were then added to the top of a Greiner 24 well plate format 8 um
ThinCert cell culture insert, with full media in the bottom of the well (Figure 4-39). Cells were incubated
for 2 or 24 hours to allow chemotaxis. Following chemotaxis, inserts were stained with 0.1% (v/v)

Biotracker 490 green membrane dye and 0.5% (v/v) DAPI in 80% (v/v) methanol in PBS for 1 hour using
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200 pL in well insert and 1000 uL in the well. Following staining, cells were washed with PBS. The

membranes were then removed and mounted on microscope slides using fluoromount and the bottom

on the insert was imaged.

24 well
plate well

RPMI-1640 with FBS |

/ % Transwell insert

RPMI-1640 without FBS
Containing treated cells

8 um transwell

insert membrane

Figure 4-39: Diagram of the well format of the chemotactic Transwell assay.
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5-3: Results

5-3.1: Physiochemical characterisation

5-3.1.1: Synthesis and characterisation

Following ImPy ligand synthesis, imine bond formation was confirmed, and ligand structure was
elucidated using H, 3C and HSQC NMR experiments, specifically observing for the singlet imine proton

shift at ~8.8 ppm.

The ligands were then used to synthesise the six complexes shown in Table 4-8. Following synthesis,
complex structure was elucidated using *H, 3C, COSY, HSQC and HMBC NMR, complimented with ESI-
MS spectrometry, HPLC and elemental analysis. The experimental data was consistent with the

proposed structures and purity was confirmed.

Table 4-8: Details of the six complexes and their structures compared in Chapter 5.

B : , |er,
]
C'/,R u\N =
N =
oS
Complex R
1 - Ru(L1)CI(PF;), [Ru(n®-p-Cym)(ImPy)CI]PF, H
6 - Ru(L6)CI(PF;), [Ru(n°-p-Cym)(ImPy-4-iPr)CI]PF, CH(CH,),
11 - [Ru(n5-p-Cym)(ImPy-4-OH)CI]PF, OH
14 - Ru(L11)CI(PFg), [Ru(n®-p-Cym)(ImPy-4-OMe)CI]PF; OCH,
21 - Ru(L18)CI(PF), [Ru(n5-p-Cym)(ImPy-4-SMe)CI]PF; SCH,
22 - Ru(L19)CI(PF;), [Ru(n5-p-Cym)(ImPy-4-NMe,)CI]PF, N(CH,),
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5-3.1.2: Interaction of ruthenium complexes with biologically relevant matrixes

Following synthesis, interaction of the complexes with biologically relevant matrixes was determined
by UV-Vis spectroscopy (Table 4-9). Results indicate that all the complexes in this series interact with
GSH, media, full media, and ctDNA. Additionally, all the complexes here except the oxygen-containing
R group complexes exhibit an isosbestic point with water. Importantly, no isosbestic point was
observed in 1:1 water and PBS, or PBS, only the sulphur containing complex 21 formed an isosbestic

point with DMSO, and no precipitation occurred in any matrix.

Table 4-9: Summary of UV-Vis spectra changes of the complexes investigated in Chapter 5 with

biologically relevant matrixes following 24 hours incubation. Abbreviations: dimethyl sulfoxide

(DMSO0), phosphate buffered saline (PBS), bovine serum albumin (BSA), glutathione (GSH), calf

thymus DNA (ctDNA), non-essential amino acids (NEAA), no change (NC), isosbestic point (IP),
hypochromism () and hyperchromism (1).

Complex  DMSO  H,0 é; g PBS BSA GSH Media J:;‘:a ctDNA ;‘;’:;g NEAA
1 NC IP J KR PR 1T 1S |- SN - I AN
6 2 IP NC NC NC P IP P IP NC NC
11 NC  NC NC NC NC IP IP IP IP NC NC
14 NC  NC NC NC NC IP IP IP IP NC NC
21 IP IP NC NC NC IP IP IP IP NC NC
22 N IP NC NC NC P IP P IP NC NC

5-3.1.3: Lipophilicity of the ruthenium complexes at physiologically relevant pH

Lipophilicity, being an important quality in the behaviour of a pharmacological agent, was determined
by the shake flask method (Table 4-10). All the complexes in this series exhibit a negative LogD; 4 value.
The unsubstituted complex 1 was the most hydrophilic while the most lipophilic complex was complex
6, followed by 22 and 21. A loose trend can be seen between element substitution and lipophilicity
with moving across the groups and down the periods of the periodic table increasing lipophilicity,

however this trend can also be attributed to the addition of second methyl substituent.
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Table 4-10: LogD7.4 of the six complexes evaluated in this chapter determined by the shake flask
method using PBS and n-octanol.

Complex LogD, ,
1 -0.66
6 -0.21
11 -0.53
14 -0.50
21 -0.32
22 -0.30

5-3.1.4: Density Functional Theory of the ruthenium complexes

With no differences being apparent in other physiochemical characterisations, DFT was used to
calculate using the lowest energy structures (Figure 4-40). From these structures, bond length was
calculated (Table 4-11). Calculations predict that the substitution of the phenyl ring ligand substituent

does not change the bond lengths surrounding the ruthenium centre.

In addition, electron density and Mullikan partial charges were calculated (Figure 4-41 and Table 4-12.
The atom change here was predicted to not induce any significant changes in the electron density or
the partial charges of the complexes. The partial charges are predicted to only be altered in the phenyl

ring which is to be expected.
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Figure 4-40: Calculated DFT structures of complexes 6, 22, 14, and 21 in their lowest energy
structures. Renders produced by Dr J.P.C. Coverdale.

Table 4-11: Calculated DFT bond lengths (A) determined from the lowest energy structures.
Calculations performed by Dr J.P.C. Coverdale.

Complex Ru-Cl (A) Ru-Ph (A) Ru-Py (A)
6 2.39089 2.06603 2.08433

14 2.39065 2.07352 2.08111
21 2.38976 2.06740 2.08377
22 2.39008 2.06885 2.08375
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Figure 4-41: Electrostatic Potential Surface (EPS) mapped onto Total Electron Density of calculated
DFT structures of complexes 6, 22, 14, and 21 in their lowest energy structures demonstrating
electron density around the complexes, with colour scale corelating with electron density with blue
being less electron dense and red being more electron dense. Renders produced by Dr J.P.C.
Coverdale.

Table 4-12: Calculated DFT Mulliken partial charges of select atoms determined from the lowest
energy structures. Calculations performed by Dr J.P.C. Coverdale.

Complex Ru N-Ph N-Py cl
6 0.100 -0.529 -0.573 -0.223
14 0.104 -0.530 -0.576 -0.229
21 0.100 -0.529 -0.573 -0.224
22 0.099 -0.529 -0.574 -0.223
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5-3.2: Cell Studies of atom bioisosteric replacement complexes

5-3.2.1: Preliminary antiproliferative activity screening

Antiproliferative activity of the six complexes in this series were evaluated using the MTT method
following 24 hours exposure and 72 hours recovery (Table 4-13 and Figure 4-42) expressed as 1Cso
values. As seen in previous chapters, there is a moderate trend of increasing lipophilicity with increasing
antiproliferative activity with the most lipophilic complexes being 6 (-CH(CHs),) and 22 (-N(CHs),) also
being the most active. Complexes 1, 11 (-OH), 14 (-OCH3) and 21 (-SCH;) exhibited no activity in all cell
lines except for 14 (-OCHs) in A549 and 21 (-SCH3) in A2780 and HCT116 p53-/-. 6 (-CH(CH3s);) and 22
(-N(CHs);) both show good activity in all cell lines tested here with 6 generally being between 1.3X and
3.2X more potent than 22 in MiaPaCa and HCT116 p53-/- respectively. Remarkably, 6 and 22 exhibit
differential responses to the loss of P53 in the HCT116 lines with 6 increasing in potency by 1X.4, while

22 marginally decreases in potency by 0.9X.

Focusing on the EOC line A2780, no trend is apparent with the atom substitution and potency. Oxygen
containing complexes are inactive in A2780 with both 11 and 14 having ICs values above 140 uM. The
other atom substitutions all produced a potency of below 100 uM in order of 22 < 6 <21 with 22 being
the most potent. While potency approximately halves for leading complexes 6 and 22 between the EOC
lines A2780 and SKOV3, this is substantially less than the effect observed in CDDP treatment with
potency in SKOV3 being 3.4X lower than in A2780. Remarkably, complexes 1, 6 and 22 which were
screened in the normal lung cell line MRC5 were ineffective with 1Cso values >140 M, in contrast to

CDDP which had an ICspvalue of 5.6 uM.
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Table 4-13: Antiproliferative screening of the six complexes used in this chapter with efficacy
displayed as ICso values (all units in uM unless stated otherwise) (N.D.: no data collected).

HCT116  HCT116
Complex A2780 SKOV3 A549 MIAPaCa  UFH001 ps3e/s  ps3s.  MRCS
1 >140 >140  >140 >140 >140 >140 >140 >140
6 44.6 84.5 52 45.97 47 30 21.9 >140
(0.7) (0.5) (3) (0.05) (1) (3) (0.02)
11 >140 N.D.  >140 >140 >140 >140 >140 N.D.
14 >140 N.D. 81 >140 >140 >140 >140 N.D.
(3)
21 82 N.D.  >140 >140 >140 >140 111 N.D.
(1) (1)
22 25.9 66 33 60 72 63 69 >140
(0.3) (1) (1) (1) (3) (1) (2)
3 11 12 24 17.3 6 5.7 5.6
CDDP
(1) (1) (1) (3) (0.7) (1) (0.4) (0.8)
pTX 0.3nM 0.56nM  N.D. N.D. N.D. N.D. N.D. N.D.
(0.02)  (0.03)
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Figure 4-42: Antiproliferative screening of the six complexes used in this chapter with efficacy

displayed as ICso values in uM. Bars in grey indicate an ICsp value of >140 puM.
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5-3.2.2: Antiproliferative activity without recovery time in A2780

To assess the effect of recovery on these complexes, the two main complexes of interest, 6 and 22,
were investigated with only 24 hours exposure time in the EOC line A2780. Complex 22 was 1X.7 more
potent than 6 following 24 hours exposure and 72 hours recovery with 1Cs values of 25.9 uM and 44.6
UM, respectively. However, without recovery time 6 is 2.5X more potent than 22 with an ICspvalues of

24.1 M (£0.4) and 60.5 uM (£0.1) (Figure 4-43).
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Without Recovery Time With Recovery Time

mé6 m22 m CDDP

Figure 4-43: Comparison of ICsg values of 6, 22 and CDDP after 24 hours of treatment with and
without 72 hours of recovery time in full media in A2780.

5-3.3: Preliminary differing mode of action screening of 6 and 22

To further observe the differing effects of the bioisosteric replacement of the within the phenyl group
substitution on MOA in A2780, 6 and 22 were evaluated for further studies using 24+72 hour ICso

equipotent concentrations.
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5-3.3.1: Mitochondrial polarisation studies using Rh123 by fluorescence

microscopy

As AWm depolarisation is a key MOA of ruthenium complexes, adherent cells were assessed with Rh123
microscopy (Figure 4-44). Treatment with 6 or 22 induced a decrease in Rh123 fluorescence even at
0.5X ICso, which is not observed in CDDP and PTX treated cells. Notably, there was a significant loss of
the 6 treated cell populations at 1X and 2X ICso concentrations, however the remaining adherent cells

maintained Rh123 fluorescence.

5-3.3.2: ROS generation studies

Noting the indications of AWm depolarisation, DCFDA was used to assess the generation of ROS in
treated cells by fluorescence microscopy (Figure 4-45) and fluorescence intensity (Figure 4-46). There
was an increase in fluorescence by microscopy in 6 treated cells, which decreased with increased
concentration. But as seen by the DAPI staining, the number of cells also decreased. 22 also exhibited

a mild increase in DCFDA fluorescence at 1X and 2X ICso.

Due to population loss of cells treated with 2X ICso 6, fluorescence intensity was measured. This
highlighted that both 6 and 22 both induced a significant (p<0.001) increase in DCFDA fluorescence,

with 6 inducing more fluorescence than 22.
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Negative media control CDDP (3 uM) Tl PTX (0.3 nM)

6 2XI1C,, (89.2 uM)

22 0.5X1C,; (13.0 M) "221XI1C,, (25.9uM) | 222X1C,, (51.8 uM)

Figure 4-44: Determination of mitochondrial depolarisation by Rh123 of A2780 cells following
treatment with media as a negative control, CDDP (3 uM), PTX (0.3 nM), 6 0.5X, 1X, and 2X ICso (22.3,
44.6, and 89.2 uM), or 22 at 0.5X, 1X, and 2X ICs (13.0, 25.9, and 51.8 uM) by fluorescence
microscopy using Rh123 (green), DAPI (blue) and PI (red). Images presented as overlays of the green,
blue, and red channels at 10X magnification (scale bar 400 um).
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Negative media control CDDP (3 uM) PTX (0.3 nM)
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22 0.5X1C,, (13.0 uM) 22 1X1C, (25.9 uM) 22 2X1C,, (51.8 uM)

|

Figure 4-45: Determination of ROS generation by DCFDA of A2780 cells following treatment with
media as a negative control, CDDP (3 uM), PTX (0.3 nM), 6 0.5X, 1X, and 2X ICs (22.3, 44.6, and 89.2
uM), 22 at 0.5X, 1X, and 2X I1Cso (13.0, 25.9, and 51.8 uM), 1 mM hydrogen peroxide for 2 hours or 0.7
mM Luperox for 2 hours by fluorescence microscopy using DCFDA (green), DAPI (blue) and PI (red).
Images presented as overlays of the green, blue, and red channels at 10X magnification (scale bar
400 pum).

233



e ke e
] e ke e

2.0 4 * ok Ak
S
S.— 1.5 -
8 .
[ o
3 _
10 -
o ]
=
[N

05 1

0.0 4

Control CDDP 6 22 PTX H,0, LUP

Figure 4-46: Determination of ROS generation in A2780 cells following treatment with media as a
negative control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM), 22 (25.9 uM), 1 mM hydrogen peroxide for
2 hours, or 0.7 mM Luperox for 2 hours by fluorescence intensity of DCFDA normalised by protein
content. (Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and
*** indicates p<0.001 levels of significance).

5-3.3.3: Cell cycle analysis

Following equipotent treatment of A2780 cells, cell cycle arrest was investigated by flowcytometry
using Pl and RNase (Figure 4-47). Both 6 and 22 induced significant (p<0.01) G; arrest though a decrease
in the G,/M fraction. This contrasts both CDDP which induced G,/M arrest and PTX which did not cause

significant cell cycle arrest.

5-3.3.4: Apoptosis analysis

Apoptosis induction also by flow cytometry was assessed using Pl and Annexin V. Both 6 and 22
increased the number of cells in the apoptotic populations (Figure 4-48). However, 6 caused a greater
response with significant population increases in early, late and non-viable fractions, while 22 which
induced a lesser response only in late and non-viable populations. The comparators all also induced

significant early and late apoptosis.

234



100 - 100 -

| Control ] CDDP
80 - 80 -
S 60 1 S 60 - ke e
= - =
3.40 E §-40 1 sk
nC_) 4 o * okk
20 - 20
0 ::: T T T 0 =
Sub G1 G1 S G2/M Sub G1 G1 S G2/M
100 - 100 -
i 6 22
80 - ok 30 ok
5 60 5 60 -
= - =
a 40 - a 40
o o
o i o
20 4 ) *ok 20 - ok
0 - 0 A
Sub G1 G1 S G2/M Sub G1 Gl S G2/M
100 -
PTX
30
S
_5 60 4
©
a 40 4
o
o
20 4
0 -
Sub G1 G1 S G2/M

Figure 4-47: Cell cycle arrest of A2780 cells by flow cytometry treated with media as a negative
control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM), or 22 (25.9 uM), stained with Pl and RNase
(significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and ***
indicates p<0.001 levels of significance).
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Figure 4-48: Apoptosis induction by flow cytometry of A2780 cells treated with media as a negative
control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM), or 22 (25.9 uM), stained with Pl and Annexin V
(significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and ***

indicates p<0.001 levels of significance).
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5-3.3.5: Wound healing studies

The potential for invasion inhibition was assessed using the wound healing assay (Figure 4-49 and
Figure 4-50). Complex 6 was the most effective treatment tested significantly (p<0.001) preventing
wound closure following the initial 24 treatment period and the following recovery period with a total
closure of 0.14 mm. This highly contrasted complex 22 which initially significantly (p<0.001) inhibited
wound closure initially during the exposure period, yet anti-invasive effects subsided and allowed
wound closure following the 72-hour recovery period resulting in wound closure similar to the negative
control. This was similarly seen for CDDP. Regarding PTX, wound closure was significantly (p<0.001)
prevented during the exposure and recovery period, but was not as effective as 6 with a total closure

of 0.16 mm.
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Figure 4-49: Measurements of wound widths of A2780 cell monolayers following treatment with
media as a negative control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM) or 22 (25.9 uM) at 24 hours
exposure and 24 + 72 hours recovery. Images taken at 4X magnification. (Significance determined by
Welch t-test where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of
significance).
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Figure 4-50: Images of the wound healing assay of A2780 cell monolayers following treatment with
media as a negative control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM), or 22 (25.9 uM) at 24 hours
exposure and 72 hours recovery. Images taken at 4X magnification, scale bar: 1000 uM
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The colony formation was used to assess to assess antimetastatic potential (Figure 4-51). Complex 6
was significantly (P<0.001) effective at reducing colony formation by 71%. In contrast, 22 did not
achieve a reduction in the number of colonies. The size of the colonies that developed were evaluated
by area (Figure 4-52). Complex 6 significantly (p<0.001) reduced the density of colonies that developed
being highly similar to CDDP. However, while 22 significantly (p<0.001) reduced the density of the

colonies that developed, yet they were still of a notable size being half the size of the control colonies.

As a model of in vivo behaviour, spheroid area was used to assess inhibition of growth (Figure 4-54 and
Figure 4-53). Both complexes 6 and 22 inhibited growth dose-dependently. Complex 6 was highly
effective and induced significant (p<0.001) inhibition at 0.5X ICso concentrations, but further dose
increases did not remarkably improve activity. In contrast, complex 22 which only induced significant
reduction at 2X ICsg. Remarkably, 6 was more effective at inhibiting growth compared to CDDP and PTX

while 22 was only comparable at double concentrations.
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Figure 4-51: Colony formation a). well images and b). colony counts of A2780 cells following
treatment with media as a negative control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM), or 22 (25.9 uM)
following 24 hours exposure and 7 days colony growth time. Images taken at 1X magnification. b).
graphical representation of the number of colonies grown (significance determined by Welch t-test
where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).
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Figure 4-52: Colony density a). well images taken at 2X magnification, scale bar: 2000 uM. and b).
graphical representation of the number of colonies grown of A2780 cells following treatment with
media as a negative control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM), or 22 (25.9 uM) following 24
hours exposure and 7 days colony growth time. Significance determined by Welch t-test where *
indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance.
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Figure 4-53: A2780 spheroids treated with media as a negative control, CDDP (3 uM), PTX (0.3 nM), 6
0.5X, 1X, and 2X ICsq (22.3, 44.6, and 89.2 uM) or 22 at 0.5X, 1X, and 2X ICso (13.0, 25.9, and 51.8

HM). Images taken at 2X magnification, scale bar: 2000 uM.
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Figure 4-54: Area of A2780 spheroids following treatment with media as a negative control, CDDP (3
uM), PTX (0.3 nM), 6 0.5X, 1X, and 2X ICs (22.3, 44.6, and 89.2 pM) or 22 at 0.5X, 1X, and 2X ICso
(13.0, 25.9, and 51.8 uM). (Significance determined by Welch t-test where * indicates p<0.05, **

indicates p<0.01, and *** indicates p<0.001 levels of significance).

5-3.3.8: Protein content and Caspase 3/7 activity

Noting the significant apoptotic populations of complex 6 and 22 treated cells when analysed by flow
cytometry, Caspase 3/7 activity was investigated and normalised by protein content (Figure 4-55).
Significantly (p<0.001) lower protein content was only seen in 6 treated cells at 2X ICso treated cells,

with all other treatments not exhibiting a significant difference to the negative control.

Complex 6 induced significantly (p<0.001) high levels of Caspase 3/7 activity at 0.5X 1Csp which
decreased but maintained significance at 1X and 2X ICso. This is contrary to 22 which exhibits a dose
dependant increase in activity. Remarkably, both 6 and 22 induced significant (p<0.01) levels of activity

even at 0.5X 1Cso doses and higher than the comparator CDDP at 1X ICs.
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Figure 4-55: Cell lysates of A2780 cells treated with media as a negative control, CDDP (3 uM), 6 0.5X,
1X, and 2X I1Cso (22.3, 44.6, and 89.2 uM) or 22 at 0.5X, 1X, and 2X I1Cs0 (13.0, 25.9, and 51.8 uM)
tested for a). Protein content by Bradford assay and b). Caspase 3/7 activity normalised by protein
content. (Significance determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and
*** indicates p<0.001 levels of significance).
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5-3.3.9: Total metal accumulation by inductively coupled plasma mass

spectrometry

With metal accumulation being able to indicate the uptake/efflux and efficiency of a complex, total
metal accumulation of treated A2780 cells was evaluated by ICP-MS. Total uptake of platinum and
ruthenium of treated cells are shown in Figure 4-56a and b respectively. Remarkably, 6 treated cells
contained 2.3X more ruthenium than 22 treated cells, accumulating 0.51+0.04 fmol and 0.22+0.04 fmol
per cell, respectively. Additionally, both 6 and 22 treated cells induced higher metal uptake than CDDP

treated cells, with CDDP cells accumulating 0.069+0.006 fmol per cell.

s 0.7 7 b 0.7 1
7 7 € o ok
__ 06 A 06 - .
5 5
(%) (%)
=05 - 3 0.5 -
E - E -
E 04 - 504 -
= 1 ® -
=3
2 0.3 - 203 A
3 - ! -
Q
® 02 A © 02 4
& . & 1
" 041 - " 01 -
Control CDDP 6 22 Control CDDP 6 22

Figure 4-56: Metal accumulation of A2780 cells treated with media as a negative control, CDDP (3
M), 6 (44.6 uM), or 22 (25.9 uM) looking for a). 1Pt content and b). °’Ru content determined by
ICP-MS shown in femtomoles per cell (fmol/cell). Significance determined by Welch t-test where ***
indicates p<0.001 levels of significance).

5-3.3.10: Time and temperature dependant metal accumulation by inductively

coupled plasma mass spectrometry

In addition to total uptake, temperature and time dependant ruthenium accumulation was also

evaluated to evaluate passive and active accumulation (Figure 4-57). Very low accumulation of
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ruthenium for both 6 and 22 were seen at 277 K compared to 310 K. Complex 6 at 277 K only achieved
5.9% and 6.5% of ruthenium accumulation at 310 K at three and six hours, respectively. Similarly,

complex 22 only achieved 8.2% and 6.6% accumulation at 277K at three and six hours, respectively.

Furthermore, time interval accumulation also shows faster ruthenium accumulation with complex 6
treatment over 22. At three hours (310 K), complex 6 treated cells contain 55.0% (0.28+ 0.01 fmol) of
the total ruthenium accumulation at 24 hours. This is substantially higher than in complex 22 treated
cells at 310 K which only accumulate 32.1% (0.071+ 0.004 fmol). This trend extended to the six-hour
interval with 71.1% (0.4+ 0.2 fmol) of total accumulation being complete for 6 in comparison to 22

which only achieves 51.6% (0.11+ 0.02 fmol) of total accumulation.
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Figure 4-57: Temperature and time dependant ruthenium accumulation of A2780 cells treated a). 6
(44.6 uM) or b). 22 (25.9 uM) determined by ICP-MS shown in femtomoles per cell (fmol/cell).
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5-3.4: Cytoplasmic membrane damage studies induced by 6 and 22

5-3.4.1: Attachment assay

Noting the indications of cellular detachment of complex 6 treated cells in the microscopy assays, cell
attachment was assessed by counting the detached and suspended populations following 24 hours
treatment exposure and three PBS washes, analogous to the washing protocols used for fluorescence
microscopy (Figure 4-58). While both CDDP and 6 induced a significant (p<0.001) decrease in the
attached population, consistent with previous results. Only 6 induced a significant (p<0.001) increase
in the suspended population with ~ 8.5X10° cells per mL in suspension compared to the control with

only 2.1X10° cells total in suspension.
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Figure 4-58: Attachment assay of A2780 cell treated with media as a negative control, CDDP (3 uM),
PTX (0.3 nM), 6 (44.6 uM), or 22 (25.9 uM) comparing the attached and suspended population
following three PBS washes. (Significance determined by Welch t-test where *** indicates p<0.001
levels of significance).
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5-3.4.2: Mitochondrial polarisation by flow cytometry

Following the confirmation of cell detachment, AWm was assessed using JC1 by flow cytometry using
both the adherent and suspended cell populations (Figure 4-59). The decrease in PE fluorescence is
corelated with the decrease in AWm. Here, 6 at ICso induced significant (P<0.001) AWm depolarisation
comparable to the positive control CCCP. This highly contrasts 22 which did not induce significant AWm
depolarisation at 1X I1Cso but did at 2X 1Cso. Both CDDP and PTX did achieve a significant decrease in

AWm polarisation, but this was marginal compared to 6 and CCCP.
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Figure 4-59: Mitochondrial polarisation assay by JC1 staining and flow cytometry of A2780 cells
treated with media as a negative control, CDDP (3 uM), 6 1X and 2X ICso (44.6 and 89.2 uM), 22 at 1X
and 2X 1Csp (25.9 and 51.8 uM), or 5 uM CCCP (significance determined by Welch t-test where *
indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001).

5-3.4.3: Cellular morphology by fluorescence microscopy

With reduced attachment predominantly due to CCM damage, morphology of the cell and CCM were
evaluated using a lipophilic carbocyanine dye (Figure 4-60). Consistent with the detachment assay, at
higher concentrations of 6, a decreased population of adherent cells were seen. 6 induced a

concentration dependant loss in CCM staining culminating in the complete loss in CCM staining at 2X
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ICso in addition to reduced cell size. 22 did induce a decrease in fluorescence in comparison to the
control at 0.5X ICsg, however further loss with increased concentration is not observed. CDDP nor PTX

exhibited no alteration in fluorescence intensity or morphology.

PTX (0.3 nM)

Negative media control CDDP (3 uM)

6 2XIC,, (89.2 uM)

6 0.5XIC,, (22.3 pM) 6 1XIC,, (44.6 M)

22 0.5X1C,, (13.0 uM) 22 1XIC,, (25.9 pM) 22 2XIC,, (51.8 pM)

Figure 4-60: Cell morphology of A2780 cells following treatment with media as a negative control,
CDDP (3 uM), PTX (0.3 nM), 6 0.5X, 1X, and 2X ICso (22.3, 44.6, and 89.2 uM) or 22 at 0.5X, 1X, and 2X
ICso (13.0, 25.9, and 51.8 uM) by fluorescence microscopy. Cells stained with DAPI (blue) and Cell
Brite red membrane dye (red). Images presented as overlays of the blue, red, and transmission
channels at 40X magnification (scale bar 100 um).

The loss of CCM dye fluorescence suggests that the CCM is being compromised. To evaluate if this was
due to loss of integrity, analysis of the Pl staining alone from the apoptosis assay was used (Figure 4-61).

Although there was a significant (p<0.001) decrease in the Pl negative population for both 6 and 22,
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this represents a 9% and 6% increase in the positive population, respectively, and is incomparable to

the positive control STS with an increase of 75% in comparison to the negative control.
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Figure 4-61: Membrane integrity by flow cytometry of A2780 cells treated with media as a negative
control, CDDP (3 uM), PTX (0.3 nM), 6 (44.6 uM), or 22 (25.9 uM) or 0.1 uM STS, stained with Pl and
Annexin V. Only Pl channel presented. (Significance determined by Welch t-test where * indicates
p<0.05, ** indicates p<0.01, and *** indicates p<0.001 levels of significance).

5-3.4.5: Extracellular biomolecule binding assay

As cell binding is predominantly through integrins, reduction in attachment may be due to loss of
integrins. This can be assessed by the evaluation of binding to different ECM proteins. Here, binding to
collagen-l, collagen-Il, collagen-1V, fibronectin, laminin, tenascin and vitronectin with BSA as a negative
control was assessed using the ECM Cell Adhesion Array Kit (Figure 4-62). Base line ECM binding was
established using the untreated control, demonstrating that the primary proteins tested here involved
in A2780 adherence are collagen-I, fibronectin and laminin with absorbance levels greater than 1.0

A.U., followed by collagen-IV, tenascin and vitronectin (Figure 4-62a), consistent with the literature?’.

On average, treatment with 6 reduced ECM binding by 67%, compared to 22 which reduces binding by

38%. Evaluating the ECM proteins individually, treatment with 6 significantly (p<0.01) reduced binding
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to all matrixes except collagen-Il. Complex 22 exhibited a similar effect, but to a lesser extent. Notably,
6 reduced binding to collagen-I, fibronectin and laminin by 85%, 63% and 69%, respectively, while 22
reduced binding by 70%, 26% and 29%. Comparably, CDDP also reduced binding to all of the ECM

proteins evaluated with a total reduced binding on 76%.

Noting the loss of attachment to several ECM proteins and cultureware and the inhibition of wound
healing, the invasive potential of 6 and 22 treated cells was evaluated by Transwell chemotaxis.
Following two hours of chemotaxis (Figure 4-63, left column), untreated cells achieved chemotaxis
through the membrane, this was in significant contrast to CDDP, 6 and 22 treated cells which
substantially reduced the chemotaxis of cells. Notably, 6 and 22 treated cells exhibit a reduction in
green membrane dye fluorescence, similar to the results observed in the CCM morphology

experimentation.

Following 24 hours of chemotaxis (Figure 4-63, right column), an increased number of untreated cells
that achieved migration. Similarly, a substantial number of CDDP treated cells also achieved migration
through the membrane with no reduction in CCM stain fluorescence reduction. This contrasts 6 and 22
treated cells. While further chemotaxis of 22 treated cells was prevented, CCM fluorescence is
regained. This differs 6 treated cells where an increase in cells that achieved chemotaxis increased by

approximately double, however the cells that do achieve migration do not regain CCM fluorescence.
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Figure 4-62: Extracellular matrix (ECM) assay to assess the binding capability of A2780 cells treated
with media as a negative control, CDDP (3 uM), 6 (44.6 uM) or 22 (25.9 uM) to the ECM proteins
collagen-I (Col 1), collagen-II (Col 1), collagen-1V (Col IV), fibronectin (Fib), laminin (Lam), tenascin
(Ten) and vitronectin (Vit) with Bovine Serum Albumin (BSA) as a negative control. (Significance

determined by Welch t-test where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001
levels of significance).
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Figure 4-63: Transwell assay following 2 or 24 hours of invasion time of A2780 cells treated with
media as a negative control, CDDP (3 uM), 6 (44.6 uM) or 22 (25.9 uM) stained with DAPI (blue) and
Biotracker 490 green membrane dye (green). Images presented as overlays of the blue and green
channels at 10X magnification, scale bar: 400 uM.
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5-4: Discussion

The CCM is an essential component to the cell as the intermediate between the intercellular and
extracellular matrixes. The compromise of the CCM and its adherence the ECM can lead to cellular
death through type | and type Ill mechanisms. Select ruthenium complexes have been previously
documented to be able to compromise the CCM leading to significant antiproliferative activity of cancer
metastases?®3%%, |n this work, the bioisosteric replacement phenyl ring substituent was investigated.
Experimentation into the activity of the complexes 6 and 22 provide significant evidence that
substitution from nitrogen to carbon can impact the antiproliferative activity and MOA in the EOC cell

line A2780.

5-4.1: Physiochemical influences of bioisosteric replacement

In the previous chapters, bioisosteric replacements have been based around substitution and insertion
of functional groups. In this chapter, the substitution of a singular atom was investigated to determine
the possible effect of movement across the periodic table. By DFT calculation, typical periodic table
trends are not observed with the substitution of the phenyl ring substituent with no significant
differences observed in key bond length, Mulliken charges or electron density around the ruthenium
centre, chlorine, or co-ordinated nitrogens. Charge effect appears to be very localized to the
substitution and the phenyl ring. In similar AzPy complexes, electron donating phenyl substituent has
been associated with improving antiproliferative activity, potentially through improved redox activity
of the azo bond*. The ImPy bond of the complexes here may not have this similar redox activity,
therefore the electron donating activity may have differing effects to the imine bond, considering that
the highly donating hydroxyl is inactive while the dimethylamine group is highly active. This suggests

that the nature of the substitution had a differing effect than those seen in AzPy complexes.
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In line with the DFT structure predictions, the physicochemical interactions of the substituted
complexes also do not differ between the complexes synthesised here interacting with GSH, media, full
media, and ctDNA while not interacting with 1:1 water to PBS, PBS, BSA, human plasma, and NEAA.
Like previous complexes assessed, interaction with GSH is expected due to interaction being through
the charge transfer band at between 250 and 500 nm. This encompasses the bonds directly to the
ruthenium centre, therefore the most likely interaction is through the labile chlorine bond. Noting the
little change in bond length or electron density changes around the ruthenium centre, similar
behaviour is to be expected between these complexes. Here all the complexes except the oxygen
containing complexes 11 and 14 exhibited an isosbestic point in water, suggesting that the methylthio
may have less of an electron donating effect than the hydroxyl and methoxy groups, still allowing the
aquation and activation of the sulphur containing complex 21%. However, the reduced activity of
complex 21 suggests that aquation may be occurring at a reduced rate, but this should be explored
through aquation NMR where a proportion of Cl:H,0 species can be evaluated. Additionally, complex
21 is the only complex to exhibit an isosbestic point in the DMSO matrix. This may be through the
formation of a disulphide bond between the DMSO and the complex methylthio group. However,
speciation of this should be evaluated by NMR spectroscopy following 24 hours incubation, as no
change in speciation from the proposed complex is observed with NMR spectroscopy occurring within

12 hours (as part of NMR conducted in structure elucidation testing).

In contrast to the previous physiochemical results, substitution did appear to effect lipophilicity of the
complexes with lipophilicity decreasing with increasing periodic group number in addition to increasing
lipophilicity with increasing period number. While this could be due to atom substitution, this trend
may be overshadowed by the loss of a methyl group due to valency moving across the elements with
the carbon and nitrogen derivatives 6 and 22 having two methyl substituents, while the oxygen and
sulphur derivatives 14 and 21 only have one. As shown with benzene and toluene, the addition of a

singular methyl group can significantly increase lipophilicity*!. Therefore, a larger panel of complexes
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should be evaluated without differing methyl group substitutions should be evaluated to determine

reasoning for this trend.

5-4.2: Potency differences due to bioisosteric replacement

Following physiochemical characterisation, complexes were assessed for antiproliferative activity in a
panel of cell lines. Interestingly, bioisosteric substitution confers significant differences in
antiproliferative activity in a similar trend to the lipophilicity. Of the complexes evaluated here, the
unsubstituted complex 1 and oxygen containing complexes 11 and 14 conferred the worst activity being
inactive with an 1Cso of >140 uM in most cell lines. This was closely followed by the sulphur containing
21. In contrast, the carbon and nitrogen containing complexes 6 and 21 exhibited significant activity in
a variety of cells, with the 6 being more active in most cell lines. Observing this, potency increases with
moving left across the groups of the periodic table 6>22>21>14 (C>N>S>0). As previously stated, this
trend could be due to group effect, methyl number, lipophilicity, or a combination of these qualities in
addition to any complex specific MOA the substituent may grant®2. Of particular interest is the lack of
activity of the oxygen and sulphur containing species, especially considering the enhancing effects
oxygen containing species provide in similar azo complexes®®. The inactive behaviour of these
complexes may be due to the detoxifying actions of GSH. As GSH can target a variety of electrophilic
agents, including many organometallic complexes*®*™8, Therefore, an additional oxygen and sulphur
group, which are often a highly common targets for GSH, maybe provide a secondary point for GSH-

adduct formation for cell export, leading to decreased activity.

Of these complexes in this series, none exhibit substantial decrease in activity with the loss of p53. On
the contrary, both 6 and 21 exhibit an increase in potency, however, this is more profound for 21. With
the loss of p53 often associated with reduced treatment response of DNA targeting treatments, this

suggests that these complexes may not target DNA, or if DNA is targeted it may be via a MOA not

256



associated with p53%. This is also supported by the improved activity of 6 in the MiaPaCa where DNA

repair is less frequently hindered through mutation damage®®°?.

Focusing on EOC specifically, there is a considerable difference in the activity of 6 and 22 in A2780 and
SKOV3, with the complexes being twice as active in A2780. Noting improvement of activity of 6 with
the loss of p53 in the comparison HCT116 cell lines, and minor decrease in activity of 22, the activity
difference should not be attributed to the loss of p53 in SKOV3°2°¢, Noting the documented difficulty
in treating SKOV3 due to increased GSH levels, reduced apoptotic signalling, aberrant PUMA expression
and Smac release, and increased anti-apoptotic protein levels including BCL-x, and MCL-1, as these
complexes are indicated to induce apoptosis and interact with GSH, this may explain why these
complexes suffer from decreased activity in SKOV3°77>%, However, it must be observed that the impact
of activity nullification of this series is fractional compared to CDDP which suffers from a 73% decrease
in activity in SKOV3 against A2780, compared to 47.3% and 60.8% decrease for 6 and 22, respectively.
This suggests that while there is overlap between the intrinsic CDDP resistance mechanisms in SKOV3,

these mechanisms are not as effective against 6 and 22 as they are against CDDP.

Despite having remarkable antiproliferative activity in all cancerous cell lines, 6 and 22 both are inactive
in the normal cell line MRC5 having a lung specificity value of >2.7 and >4.2 and ovarian specificity of
>3.3 and >5.4, respectively (specificity value = ratio of ICso for MRC5 human lung fibroblasts + ICso of
cancerous line), where a greater number corelates with increased specificity®. This specificity is highly
beneficial by providing an intrinsic specificity for cancerous cells. This has the potential to limit toxicity
in non-cancerous cells and systemic damage, a consistence hinderance of non-targeted
chemotherapies®2, This is also consistent with other similar organometallic complexes, and provides

a substantial benefit over other organometallic complexes that do not exhibit specificity®3°°.

Noting the remarkable activity of 6 and 22, activity of the complexes was assessed without recovery

time. Interestingly, the antiproliferative activity of the complexes alters with 6 becoming 2.5X potent
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than 22 without recovery, while 22 becomes 1.7X more active than 6 with recovery. This is highly
indicative of these complexes possessing differential MOA despite their similarities in physiochemical
characterisation. This could be due to a combination of differential accumulation, efficacy of the MOA

being activated, and damage recovery between the complexes.

While the potency of 6 and 22 may not be as high as CDDP, there is a consistent trend of in vitro
ruthenium organometallic complex antiproliferative studies not corelating with in vivo studies. This is
seen with both NAMI-A and RAPTA complexes which both do not have remarkable antiproliferative
activities in vitro often exhibiting antiproliferative activity greater than 300 and 50 uM respectively,
while achieving significantly effective in vivo activity33>6¢, Therefore, both complexes 6 and 22 here
having lower ICso values than published values for other treatments in further study and clinical trial is
highly remarkable, demonstrating that these complexes may have high potential for in vivo study in

the future.

5-4.3: Preliminary mode of action evaluation of 6 and 22

Following the identification of the two lead candidates; 6 and 22, initial MOA of screening was
preformed to identify key differences between the carbon and nitrogen complexes in the EOC cell line

A2780.

To further evaluate the antiproliferative activity of these complexes, spheroid growth following 24
hours exposure was evaluated. As spheroids pose significant problem in EOC patients, good anti-
spheroid activity is important®”-%. Complex 6 was more effective than both comparator treatments,
even at 0.5X ICso concentrations, while 22 was only effective at 2X ICso concentration. This is reflective
of the time-dependant activity of these complexes with 6 being more potent following 24 hours
exposure. Sustained remission is difficult to achieve in EOC patients due to spheroids present in free
fluid which are frequently highly resistant to first line therapies®’. Spheroid activity is associated with

the ability to penetrate into the mass and the ability to combat differing tumour microenvironments
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within one tumour including oxygen and nutrient differences’. The significant activity of 6 is
remarkable suggesting potential against primary and metastatic tumours by substantial penetration
into the spheroid but also to combat differing microenvironments of a tumour. Additionally, the
improved activity of 6 over 22 highlights a substantial differential MOA despite only differing in one

peripheral atom, highlighting the benefits of bioisosteric replacement exploration.

As previously shown in Chapter 3, complex 6 was highly effective at inducing AWm depolarisation in
SKOV3. Following Rh123 staining, comparable results were not observed in A2780 with adherent cells
maintaining fluorescence therefore maintaining AWm, albeit to a decreased extent’. However, these
results came at the reduction of the adherent cell population at higher concentrations, indicating
adherence issues. To confirm AWm in A2780, JC1 staining was used on the whole population, including
the suspended cells by flow cytometry. JC1 is a highly sensitive quantitative stain for the polarisation
of the AWm where the stain forms J aggregates which fluoresces red when polarised, but monomerises
and fluoresces green when depolarised and is highly effective in flow cytometry applications’?. Of
particular interest, 6 treated cells exhibit significant levels of AWm depolarisation comparable to CCCP,
a proton shuttling compound which permeabilises the mitochondrial membrane to protons’.
Therefore, while this may disagree with the A2780 Rh123 results, it is comparable to the SKOV3 Rh123
results. This suggests that in A2780, during the progression of the MOA of 6, loss of adherence occurs
in parallel or before AWm loss. In comparison, 22 only manages to induce significant depolarisation at
2X ICsg, in agreement with the Rh123 results, indicating that the MOA of 22 is not as efficient as 6
following 24 hours exposure and that AWm depolarisation MOA has dependence on the phenyl ring
substituents. AWm depolarisation could potentially explain the specificity for cancerous cells. In cancer,
mitochondria are often hyperpolarised and overworked, while mitochondrial health is maintained and
more tolerable to fluctuations in normal cells’®. Therefore, the ability of these complexes to induce

AWm depolarisation in healthy cells may be reduced.
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With AWm depolarisation being indicated as a MOA of 6, ROS generation in A2780 cells was evaluated
by DCFDA staining as these MOA often appear together due to mitochondrial damage. As shown by
the increase in DCFDA fluorescence, both complex 6 and 22 induced significant ROS generation, with
no significant (p=0.21) difference between the two treatments at ICso. This is consistent with previous
evidence of 6 in SKOV3, indicating a similar MOA of ROS generation across the two cell lines. Further,
similarity in activity between the two complexes suggests that ROS generating activity is not dependant
on the phenyl ring substituent and not entirely dependent on mitochondrial damage. This would be
consistent with ROS generation being dependant on the redox capabilities of ruthenium and redox
cycling, rather than the activity of the phenyl ligand”>78. This is also supported by the DFT predictions
of the ruthenium centre and its surrounding ligands exhibiting similar bond lengths, electron densities

and Mulliken charges, therefore could be expected exhibit similar properties.

Being an essential MOD, apoptosis was investigated by flow cytometry. Results suggest that apoptosis
occurs at 1X IC5p concentrations of 6 and 22 with a 6.5% and 2.8% increase in phosphatidylserine
presenting cells respectively. Additionally, in agreement with previous results, 6 induced higher levels
of cell death than 22. The presentation of phosphatidylserine is a final stage of apoptotic processes due
to relying on Caspase-3 cleavage dependant activation of Xkr8 to flip phosphatidylserine from the inner
CCM to the outer CCM phagocytosis initiation’””®, This suggests that despite the indications the CCM
is being compromised for adherence, other ATP-dependant processes occurring at the CCM are still

able to occur.

To confirm apoptotic signalling pathways, Caspase 3/7 activity was measured. While both 6 and 22
induced significant levels of Caspase 3/7 activity, 22 induced a significantly (p<0.05) higher activity
levels at ICso following 24 hours exposure. This is contradictory to the antiproliferative activity at 24
hours and apoptosis assay by flow cytometry assay. This could be due to 6 treated cells requiring less

Caspase 3/7 activity to initiate apoptosis than 22 at 24 hours, or 6 inducing cell death by additional
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caspase-independent mechanisms, which would agree with the suggestions of other MOD occurring
in SKOV3 cells as shown in Chapter 3. Conjugation of GSH and induction of ROS allows predisposes cells
to type Il MOD ferroptosis which relies on the oxidation of CCM lipids which is caspase independent”®#0,
Additionally, the AWm depolarisation seen with 6 can initiate mitophagy to selectively remove

damaged mitochondria, which is also caspase independent, and can be encouraged by lower caspase

levels®. This highlights the differential MOA of the two complexes.

A second reasoning for this activity discrepancy may be due to the nature of the previous assays. Here,
antiproliferative activity was measured using the MTT assay, which relies on the conversion of MTT to
formazan by mitochondrial oxidoreductase and dehydrogenase enzymes using NAD(P)H as an electron
donor®?®, Noting the AWm depolarisation of 6 treated cells, there may be less conversion of MTT to
formazan, resulting in a lower ICsp value. Similarly, the annexin V-PI flow cytometry bias can occur.
Apoptosis by flow cytometry is determined by CCM qualities; phosphatidylserine presentation and
CCM integrity®. However, if the CCM is sufficiently compromised, annexin V stain can penetrate the
cell to bind to phosphatidylserine on the inner CCM and fluoresce. This can lead to a false increase in
the late apoptotic population through compromise of the non-viable population. Comparing the PI
positive populations of 6 and 22 treated cells, while there is a statistically significant (p<0.05)
difference, the PI positive population of complex 6 treated cells is still less than 10% and the
populations differ by 2.3%. This suggests that the primary reasoning in differing Caspase 3/7 activity is

likely due to differing MOA rather than experimental shortfalls.

Cell cycle arrest by flow cytometry indicates that both 6 and 22 induce a G; arrest to a similar extent
when treated equipotently by inducing a decrease in Go/M population. G; arrest is canonical of several
traits including DNA damage, nutrient restriction, toxin signalling and age initiated by signalling from
cyclin-dependant kinases and other tumour suppressor genes®2, Here, in the case of 6 and 22 it is

possible that arrest could be initiated by downstream signalling of type | death through P130CAS
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cleavage by Caspase 3 and P21WAF/CCP1 transcription inhibition, leading to Gi arrest®. Yet,
considering the many inducers of G; arrest, it is not possible to determine a singular cause, or if multiple
mechanisms compound to induce arrest. The latter is more likely due to the multifrontal MOA of these
complexes and other similar organometallic complexes and the highly interconnected signalling
pathways on cyclin dependant kinase—RB—E2F axis in addition to P130CAS cleavage pathways to induce

Gy arrest3¥8-20,

ICP-MS can be used to assess the influx/efflux and total accumulation of a complex. However as an
indirect method by measuring the metal, not the complex, no information on speciation can be
ascertained®'. A2780 cells treated with 6 and 22 showed a substantial increase in ruthenium content,
further, that cells treated with 6 exhibited a significantly higher concentration of ruthenium compared
to 22 treated cells. This supports that potency is correlated with ruthenium uptake with 6 being more

potent than 22 at 24 hours, a trend often seen with organometallic complexes3*9279°,

In extension to total ruthenium accumulation of these complexes, time and temperature dependant
accumulation was done to assess energy-dependant uptake and uptake efficiency®®*’. Time dependant
assays show that ruthenium accumulates faster in 6 treated cells than in 22 treated cells. This suggests
that the uptake of complex 6 is more efficient than 22, and/or that the efflux of 6 is less effective than
22. Further, temperature dependant accumulation demonstrates that neither complex has substantial
ruthenium accumulation at 277 K while having considerable uptake at 310 K. This suggests that both
complexes rely on an active uptake due to both complexes having 7% total accumulation at 6 hours at
277K. Work here also agrees with previous results for 22, despite differences in treatment
concentration explaining differences in total accumulation, similar conclusions are made with
accumulation being energy dependant with A2780 cells experiencing decreased accumulation at colder

temperatures¥’,
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Influx/efflux mechanisms in cancer cells are highly important in resistance mechanisms, and highly
notable in EOC where 80% of advanced disease patients develop resistance to first line therapies with
relapse within two years®°°, CDDP uptake has been previously observed to be a predominantly active
process, requiring ATP, with minor reliance on passive diffusion, demonstrated by decreased
accumulation in decreased temperature experiments and inhibition/saturation of ATP-dependant
transporters including CRT1 and Na*/K* ion transporters?°>1%° Meaning both complexes 6 and 22

could utilise one or several of these transporters in their uptake.

In addition, there is also increased efflux of CDDP though MRP1-5, MRP-2 and ATP7A%1%, ATP-
dependant efflux was previously suggested to be a potential mechanism of 22 expulsion following co-
treatment with the ATP-depleting agent antimycin A%. The requirement of ATP depletion for
accumulation is consistent with other results seen here. AWm depolarisation induced by 6 can lead to
a decreased output of ATP in the cell through aerobic respiration. Therefore, potentially, once 6 enters
into the cell, decreased ATP levels can lead to the decreased efflux though ATP-dependant ABC-
transporters such as MRP2 and MRP1-51% However, noting the ATP-dependant presentation of
phosphatidylserine seen in the apoptosis assay, this suggests that despite adherence reduction and
CCM contraction, ATP-dependant processes can still occur at the CCM and efflux is dependent on
multiple requirements other than ATP. Further the higher I1Cs values of 6 following 72 hours recovery
and the interaction with GSH suggest that higher 6 accumulation is more likely due to increased uptake

rather than decreased efflux.

Metastasis and invasion are key mechanisms in the progression of cancer development, meaning their
inhibition is highly sought after in treatment. Complex 6 was highly effective at preventing both colony
formation and invasion, used for evaluating metastasis and invasion respectively®*1%2, This contrasts
22 which exhibited no difference to the untreated control. This further highlights the significant impact

of bioisosteric replacements and that despite not affecting any of the physicochemical characteristics
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evaluated here that an anti-metastatic/invasive MOA is lost with the substitution of carbon with
nitrogen. Similarly seen with the complexes evaluated in Chapter 4, contradictory behaviour between
potency and antiinvasive/antimetastatic behaviour is seen. Due to the increasing antiproliferative
activity of 22 with the use of recovery time, it could be expected that in turn antiproliferative activity
would continue in the wound healing and colony formation assays leading to reduced closure and
formation. However, this does not occur. Noting the behaviour of the two complexes studied in this
work, evidence suggests that antimetastatic and antiinvasive behaviour is not centred around the
central survival pathways and antiproliferative pathways activated by these complexes. Instead,
complex 6 is able to effect additional pathways, or complex 22 is not able to effect pathways involved
in invasion, migration, and metastasis. This could include interference with MMP enzymes, membrane
adhesion proteins/glycoproteins such as CD44, selectins, N-Cadherin and integrins, epithelial-
mesenchymal transition, prevention of anoikic death, or a combination of one or more pathways and
molecules not included here due to the complexity of invasive, migratory, and metastatic
mechanism?%-1% This is potentially suggestive of why other ruthenium complexes such as NAMI-A

possess anti-metastatic activity without antiproliferative activity.

Notably, the antimetastatic and antiinvasive behaviour differs between SKOV3 and A2780 for 6 treated
cells. This may be due to differing surface adhesion molecules present. One example is mesothelin, a
~40 kDa cell surface glycoprotein, has been widely associated with and over expressed in more invasive
and aggressive EOC and pancreatic cancers by acting as a CA125 receptor, mediating cell adhesion and
activating the NFKB/MAPK/PI3K pathways preventing apoptosis'®®1%, SKOV3 expresses mesothelin on
the CMM while A2780 is mesothelin negative!®°, However, due to the highly complex nature of
invasion and metastasis, the lesser response in the colony formation and wound healing assay in SKOV3
in Chapter 3 compared to A2780 evaluated here may be due to one or many other components that

differ between A2780 and SKOV3.
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5-4.4: Cytoplasmic membrane differences induced by bioisosteric

replacement

After noting the reduced attached cell populations and CCM effects in previous assays, the CCM was
investigated in more detail. Cell detachment following 24 hours exposure to complex 6, 22 or CDDP
demonstrates that of the treatments evaluated here, only 6 treated cells exhibit an increase in the
detached population. Plastics for tissue culture has been highly developed to allow for optimal growth
of cells. Cultureware, including the plasticware used in this work, is primarily polystyrene, surface
treated to generate highly energetic oxygen groups including hydroxyl, carboxyl and aldehyde groups
(Figure 4-64), by exposure to corona discharge or other methods*'*2, These oxygen groups allow for
the binding of predominantly fibronectin, in addition to other ECM proteins from media serum or
cellular secretions, to which cells attach?'®. EOC cells have been shown to secrete collagen-I, collagen-
XI and fibronectin in addition to other proteins and proteoglycans to improve binding!’. Furthermore
that the predominant ECM protein scaffolds for EOC are collagen-l, fibronectin and laminin'’. This
suggests that the detachment of 6 may be due to the disruption of these cell-cell and cell-
plasticware/ECM adhesion junctions with a predominant culprit potentially being compromised in
fibronectin binding, but also possibly disruption to the phospholipid bilayer that these junctions reside

in.
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Figure 4-64: Model molecular structure of the surface of polystyrene tissue culture plasticware
following treatment with corona discharge or other methods!'*!'2, The oxygen groups in blue are

common binding points to which extracellular matrix proteins or cells can directly bind to allowing
for cell monolayer adherence.

With the cell detachment of A2780 cells treated with complex 6 demonstrated, CCM morphology was
evaluated with a lipophilic carbocyanine dye which fluoresces when intercalated into the CCM, showing
cell morphology but can provide insight into the condition of the CCM (Figure 4-65)14'15, Remarkably,
with increased concentrations of complex 6, there was decreased CCM fluorescence in addition to
reduced cell size. While 22 treated cells exhibited some decrease in fluorescence, it was not to the
extent of 6. This agrees with the protein content assay where decreased protein levels were seen with
increased 6 treatment levels also indicating decreased cell size. It could be assumed that decrease in
fluorescence is due compromise in the CCM preventing proper dye intercalation. While this is partially
supported by a statistically significant decrease in CCM integrity by Pl fluorescence, this only reflects
6.1% of the total 6 treated population exhibiting substantial increase in PI fluorescence. This is not
representative of the CCM fluorescence loss which occurs consistently across the observed population.
It has been previously noted in pseudo-membrane studies that alterations in the membrane including
increased rigidity and acyl hydrophobic mismatching can reduce fluorescence by preventing correct
dye intercalation into the phospholipid bilayer!. This is highly suggestive of a contraction of the CCM,
encouraging compression of the lipid molecules which can contribute to increased CCM rigidity,

preventing intercalation shown in Figure 4-65.
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Figure 4-65: a). structure of carbocyanine dye Dil, from which the stain used in this study is
derived!®. b). graphical representation of the mechanism of Dil binding*®. i). when the membrane is
in a disordered liquid state, this allows for gaps to allow for dye intercalation, ii). however, when the
membrane becomes more rigid this prevents the intercalation of the dye into the membrane. Due to

the mechanism of these dyes, they only fluoresce when intercalated, therefore can provide details
on membrane rigidity inversely corelated to dye fluorescence.

Membrane rigidity has been inversely corelated to the uptake of platinum complexes, with increased
rigidity of the CCM being a common feature in resistant cells'’. Further, induced rigidity has been
associated with the reduction of ATP-dependant transporter efficacy, including P-Glycoprotein and
other ABC transporters. In previous work, membrane rigidity induced by cholesterol introduction,
substantially reduced the efficiency of P-Glycoprotein, regardless of level expression'!8, P-Glycoprotein
localises to lipid rafts of the CCM due to the preference of liquid-ordered phase membranes, meaning
that a balance of CCM rigidity and fluidity is required for function. It was suggested that the increased
inrigidity due to cholesterol was impeded P-Glycoprotein function via lipid raft composition disruption.
Similar effects have been seen with other membrane changes including lipid phase, thickness and
fluidity impeding ABC transporter activity, possibly through ATPase activity of the transporter1®-122,
This could explain the increased accumulation of ruthenium in 6 treated cells in comparison to 22

treated cells, as CCM contraction inducing rigidity could be hindering efflux of the complex through
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disruption of ABC transporters via lipid raft structure. In addition, the potential to disrupt P-
Glycoprotein function regardless of expression levels is highly significant in the treatment of resistant
disease where P-Glycoprotein is often upregulated to assist in the efflux of chemotherapies, as well as
the potential of other efflux mechanisms utilised by the cell®. This also indicates that 6 has the

potential to be effective in resistant disease.

With the indications of complex 6 inducing reduction in adherence, CCM contraction without
substantial CCM integrity loss and suggested induced rigidity, ECM binding was investigated, as loss of
binding to the ECM is a primary inductor of the type | death mechanism anoikis!?2. When treated with
6 or 22 there was a significant loss of binding to all ECM proteins tested except Collagen-Il. The
insignificant loss in binding to Collagen-Il may be due to the already low levels of Collagen-II present®’.
In EOC, it has been documented that the primary ECM proteins utilised are Collagen-I, Collagen-XI,
hyaluronan, Fibronectin and Laminin'’. As previously discussed, Fibronectin is the primary protein in
cell adherence to cultureware through the highly energetic oxygen groups!3. Therefore, the decreased
binding to Fibronectin may explain the reduced bringing to the plasticware. Additionally, Collagen-I has
been associated with increased steering ques for migration. Therefore, significant binding loss induced
by complex 6 is remarkable due to potentially inhibiting migration, which is supported by wound
healing and colony formation assay. However, this is contradictory regarding complex 22 which induces

significant Collagen-I loss without any significant reduction in colony formation or wound healing.

One possible explanation for this binding behaviour could be explained by the spheroid assay.
Spheroids are often indicted in the development of peritoneal metastasises through by binding through
B1 integrin connections, hyaluronic acid and CD44%,. The B1 integrin monomer is seen in several
integrin dimers which bind several ECM proteins including Collagen-I (a1B1, a2p1, a3p1), Fibronectin
(a5B1) and Laminin (a3B1, a6B1, a7B1), all which are upregulated in EOC ECM!?27124 Here, binding was

significantly reduced to all three was significantly reduced upon exposure to both 6 and 22. Yet, while
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Collagen-I was reduced to a similar extent, binding to Fibronectin and Laminin was significantly
(p<0.001) lower by 40% in the 6 treated population in comparison to 22 treated cells. Fibronectin and
Laminin binding is heavily associated with the metastasis and invasion of EOC cellsY’. This indicates that
Fibronectin and Laminin disconnection are likely significant in the anti-metastatic and antiinvasive MOA
of 6, but also the predominant cause of reduction of adhesion in the microscopy assays conducted

here.

Noting the reduction in integrin binding and the suggestion of metastasis and invasion prevention with
complex 6, intravasation and extravasation capability was assessed by a chemotactic Transwell assay.
In comparison to both the negative control and CDDP, 6 and 22 achieved a remarkable decrease in the
migration of cells at both two and 24 hours and was substantially better than CDDP. The lack of CDDP
migration activity, but the significant loss of binding the in ECM assay suggests that both 6 and 22 also
interfere with other ECM binding components outside the ECM panel. Potential candidates include
other proteins, glycoproteins and proteoglycans of the ECM of the CCM surface including selectins,
cadherins, and other integrins including avB1, avBs, and asB:, CD44V, CD24 and L1ICAM!?>, Another
potential reasoning may be due to 6 and 22 treatment preventing the development of invadopodia, F-
actin protrusions used for transendothelial migration through endothelial membranes!?®. If CCM
fluidity is reduced, formation of the invadopodia may be impeded through cytoskeletal disruption and
prevention of correct F-actin polymerisation. This is supported by the cells that have transmigrated
through the insert exhibiting CCM fluorescence, indicating that the cells that have migrated may have
retained sufficient CCM fluidity for dye intercalation and to form invadopodia and penetrate the insert

pores.

These results agree with previous experiments 6 and 22 with decreased migration due to decreased
ECM binding. However, these results also highlight that although 22 can enable short term invasion

inhibition, it is eventually lost demonstrated by the intended time frames of the wound healing and
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colony formation assay, instead there is a shift to increased cytotoxicity over invasion, highlighting
significant MOA differences of the two complexes evaluated here. Differing effect of bioisosteres on
metastasis and invasion has previously been observed in the piano-stool complexes RM175 and the
osmium variant AFAP51, where RM175 has significant antimetastatic properties in breast cancer cell
lines while AFAP51 did not, but no explanation was provided!?’. However, this does further exemplify

the significance of bioisosteric screening.

Remarkably, both 6 and 22 reduce transendothelial migration while CDDP did not. While this may be
contradictory to the results from the wound healing assay, colony formation and ECM binding assay for
CDDP, this could be possible due to two reasons previously discussed. One, being due to other ECM
components being utilised that have not been evaluated here, or two, invadopodia still being able to
develop. This is supported by previous work of CDDP having widely varied responses effect on invasion
and metastasis from preventing through ET1, BTG1 and the Wnt/B-catenin pathway in nasopharyngeal
carcinoma, to no effect, to encouraging the development of invasive and metastatic phenotypes
through promoted epithelial-mesenchymal transition, increased N-Cadherin and Vimentin, decreased
E-Cadherin and ERK pathway activation in EOC*?¢731, The high prevalence of resistant metastatic EOC
in relapsed patients which receive platinum therapies is highly indicative that CDDP does not prevent

metastasis in patients, therefore indicates that transendothelial migration is not inhibited32%7,
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5-5: Conclusion

The work in this chapter further demonstrates the significant effect of bioisosteric replacement in the
alteration of potency and MOA. Significant differences were observed in complex potency in several
differing cancerous cell lines highlighting the potency of nitrogen and carbon containing ligands. In
addition to differing potency, when the carbon containing isopropyl (6) and nitrogen containing
dimethylamine (22) complexes were compared several similar and differing qualities were found and
are highlighted in Table 4-14. Furthermore, several qualities of 6 were found to be an improvement
over CDDP. Most notable effect of 6 was on the CCM, inducing profound cell detachment, antiinvasive,
antimetastatic and antimigratory mechanisms of treated cells 6, potentially through the loss of

fibronectin and laminin binding, in addition to other ECM components.

Loss of ECM binding is an uncommon MOA of ruthenium complexes. NAMI-A is one such example
which has been shown to interfere with the B integrin subunit preventing dominantly preventing Fibrin
and collagen binding and inhibiting FAK Try397 autophosphorylation®30138  Degpite the extreme
differences in between NAMI-A and complex 6 regarding structures, properties and antiproliferative
activity, there appears to be some similarity between their MOA. These differences suggest the benefit
of a comparable study between NAMI-A and complex 6. This would provide a more in-depth
mechanism of 6 including key molecular targets by assessing the CCM in more detail by exploring CCM

lipid quantification and activity against the integrin unit 1.
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6-1: Conclusions of bioisosteric replacements used in

this work

Bioisosteric replacement is a powerful tool in drug design with small structural changes inducing
significant mechanism and potency changes. In metallic complexes, they are widely used to improve
potency and shift MOA™™®, In this work, the use of bioisosteric replacement was highly effective at

achieving both with surprising and beneficial results.

In Chapter 3, the effectiveness of methyl bioisosteres was evaluated and the MOD of complex 6 [Ru(n°®-
p-Cym)(ImPy-4-iPr)CI]PFs was investigated. Results of this chapter highlight that the position of the
methyl group can hinder the chemical reactivity of the complex due to steric hinderance in the ortho
position. Therefore, for future work in similar complexes, phenyl substituents in this position are not
recommended. Additionally, MOD screening of complex 6 demonstrates the highly multimodal MOA
of this complex inducing AWm depolarisation, ROS induction and G; arrest leading to apoptosis with
minor autophagy and ferroptosis. Further experimentation also demonstrated that complex 6 used in
combination treatment with other toxic and non-toxic treatments can significantly taking advantage

of ferroptotic mechanisms improve antiproliferative activity in EOC.

In Chapter 4, the potential of a spacer within the ImPy ligand of ruthenium piano-stool complexes was
assessed. Antiproliferative screening demonstrated the significant potential of the spacer being able
to increase the potency in most variants evaluated. To further ascertain the difference between the
unlinked and linked complexes, 7 [Ru(n®-p-Cym)(ImPy-Ph)I]PFs and 9 [Ru(n®-p-Cym)(ImPy-Bn)I]PFs
were taken forward for MOA screening. Initial MOA and DNA damage screening of these complexes
highlighted the significant difference in mechanisms between the two complexes. This difference is
suggested to be resultant of the disrupted resonance of complex 9. Experiments suggests that complex

7 has a short, aggressive MOA inducing dsDNA breaks, while complex 9 has a longer, gentler MOA
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inducing ssDNA breaks that accumulate over time. With this knowledge, complexes can be adjusted to

allow activation time of future complexes.

In Chapter 5, the effect of atom bioisosteric replacement on the phenyl ring of ImPy ruthenium piano-
stool complexes was considered. While no physiochemical differences were induced by atom
replacement in the ImPy ligand substituent, antiproliferative activity was found to be substantially
different between the different complexes. The most effective complexes 6 [Ru(n®-p-Cym)(ImPy-4-
iPr)CI]PFsand 22 [Ru(n®-p-Cym)(ImPy-4-N(CHs);)CI]PFs were then taken forward for MOA comparison
screening. The most remarkable result from MOA comparison screening was the effect on the CCM,
with complex 6 possessing significant antimetastatic, antiinvasive and antimigratory activity in addition
to antiproliferative in comparison to 22 which did not share these MOA. This highlights the importance
of screening of potential complexes as even one small difference in a complex can have significant

repercussions in activity.
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6-2: Potential future work using bioisosteric

replacements in organometallics

There were some limits to the work done during this project and would be worth considering for future

work. These can be divided into further chemical work and further biological work.

6-2.1: Potential future chemistry

A variety of physiochemical experiments were conducted including DFT, UV-Vis and LogD- 4. However,
further experimentation of the complexes here would be warranted. This would include the x-ray
crystallography of the lead complexes would be warranted to support the findings of the DFT
calculations. This would be particularly useful for the work done in Chapter 4 to confirm the disruption
of resonance across the ImPy-Bn ligand. Additional NMR experiments for biomolecule interactions
would also be warranted to confirm binding and elucidate the nature of interaction. For example, the
interaction of complex 6 with GSH in addition to complexes 7 and 9 to ctDNA and 9EtG. Results of this

would contribute to the explanation of the molecular MOA of these complexes.

Figure 6-1: a). Complex [Ru(n°®-p-Cym)(ImPy-Bn-iPr)I]PFs that would warrant further examination. b).
Osmium complex FY26 developed by Dr Ying Fu.

a PF b
| //au\ —< ™

Within the scope of this project, three families, totalling 22 complexes from 19 ligands were
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synthesised. Culminating all the work here, one particular complex of interest would be [Ru(n®-p-
Cym)(ImPy-Bn-iPr)I]PFs (Figure 6-a). Due to the beneficial effects noted from Chapter 4 by using a CH;
spacer and an iodo monodentate ligand shown by complex 9, combined with the significant MOA
demonstrated by the bioisosteric replacement on the phenyl ring shown by complex 6, this complex
has the potential to be highly potent. However, noting the loss of antiinvasive and antimetastatic

activity of linked complexed, the MOA of this complex cannot be predicted considering the MOA of 6.

In extension to [Ru(n®-p-Cym)(ImPy-Bn-iPr)I]PFs, examination of the series of complexes shown in
Table 4-15 would be highly warranted. This series would evaluate the methyl moiety by saturation of
a single phenyl ring substitution. The work in Chapter 3 demonstrated the significant increase in
potency between complex 2 and 6, and it would be expected that this trend would continue with full
saturation to the tert-butyl- substituent. This coupled with the potential of the CH, spacer would be
highly interesting to investigate to observe if CCM and antimetastatic based MOA are maintained or

shifted to other MOA.
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Table 4-15: A series of complexes for potential future experimentation based on the cumulative
evidence of complexes 6 and 9 to improve the potency of ruthenium piano-stool complexes. Ligands
in blue denote ligands synthesised in this work.

Aniline/amine Oher
Ligands worthy of future consideration . / . . .
derivative information
cl
monodentate

Ligands already
synthesised in

ligand variant
synthesised in

this work this work.
Consider |
variant
NT N N7 N
N I _ N I > 4-Ethylaniline / Both Cl and |
N N 4-Ethylbenzyl monodentate
\/©/ amine in ligand variants
reaction shown should be
in Scheme 2-1 considered
X Unlinked ligand
| already cl
N\ 4 synthesised in monodentate
this work / 4- ligand variant
isopropylbenzyl synthesised in
amine this work.
in reaction Consider |
shown in variant
Scheme 2-1
NI = NI AN
N N 4-tert-
N Z X Z Butylaniline Both Cl and |
/ 4-tert- monodentate
ﬁ I butylbenzyl ligand variants
. amine in should be
reaction shown considered
 — in Scheme 2-1

In this work, there was limited work on the use of halogens as bioisosteric replacements in the phenyl
ring with only chlorine being explored. Early work not discussed in this thesis has highlighted the

potential of iodine as a phenyl ring substituent (Table 4-16). Comparison to chlorine and potentially
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other halogens such as fluorine and bromine would also potentially be interesting to investigate
electron withdrawal from the phenyl ring and the subsequent effect on potency, especially in
complexes with a CH; spacer due to the disrupted resonance. In extension of this, the iodo counterpart
of complex 16 may also warrant further investigation due to the increased potency the phenyl ring

substituent in the ortho position offered in linked complexes.

Table 4-16: A series of complexes for future potential experimentation based on the antiproliferative

screening in Chapter 4. Ligands in blue denote ligands synthesised in this work.

Ligands worthy of future consideration Anllln.e/ afnlne ) Other.
derivative information
cl
monodentate

Ligands already
synthesised in

ligand variant
synthesised in

this work this work.
Consider |
variant.
N7 S [
| | 4-lodo
N = N / benzylamine Both Cland |
AN AN monodentate
/ 2-lodobenzyl . .
| L ligand variants
amine in
. should be
reaction shown considered
in Scheme 2-1
I
cl
Ligand already monodentate

synthesised in
this work in

ligand variant
synthesised in

reaction shown this work.
in Scheme 2-1 Consider |
variant.

In addition to the ligands suggested other bioisosteric replacements of the rest of the complex were
not investigated here. One such example is the metal centre. Here, ruthenium was used due to its iron

mimicking, prodrug and MOA properties”®. However, other metals such as osmium and iridium have
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also been found to be highly effective in similar structures!®%2%-28 The principal example which is
structurally similar to the complexes investigated here is FY26 (Figure 6-b) which has exhibited
nanomolar ICso concentrations in many different cancerous cell lines and significant efficacy in in vivo
work!*2!, This may be due the aqueous chemistry behaviour of the metals. It has been documented
that third row metals are much more inert than second row metals, and in the case of ruthenium and
osmium, the latter can react 100X slower in hydrolysis/aquation and biomolecule reactions???3,

Therefore, in complexes such as 6 where a delay in reactivity could be of benefit to prevent reaction

with GSH, media and full media, an increase in potency could be seen.

Other arene rings in variable complexity from benzene to biphenyl to multiring structures can also be
evaluated. However, alteration of the arene ring bioisostere has been extensively reviewed in the
literature and some trends have been observed®'®?425 For example, in several papers biphenyl
complexes have higher antiproliferative activity than p-cymene complexes with some potency
increases being up to 5.8X, with further extension to terphenyl being more potent®?*. Other ring
structures including pentamethylcyclopentadiene and pentamethylcyclopentadiene-biphenyl have
also been investigated, yet in these structures, smaller ring structures are more potent?, Therefore, it
can be concluded that the effect of the phenyl ring is highly dependent on the complex and the
screening cell line. From similar complexes evaluated in the literature, if other arene ring structures

were to be investigated to increase potency, a biphenyl ring would be recommended.

6-2.2: Potential future biology

A wide variety of biological experiments were conducted in this work, however, there are still some
questions regarding the MOA of these complexes. In Chapter 3, while several MOD were evaluated for
complex 6, however, this was only a selection of possible MOD. While not all MOD are appropriate to
evaluate such as immune system-based death including NEtosis and pyroptosis, other mechanisms

such as mitochondrial parthantosis and mitoptosis should be investigated in future work?. In addition,
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noting the significant indications of anoikic death in Chapter 5, the molecular mechanisms of this
should be investigated with specific attention to signalling molecules and essential integrins used in
the induction of anoikis such as analysis of the B1 integrin and integrins associated with fibronectin
binding, PERK and Beclin1, and comparison to NAMI-A by evaluation of FAK autophosphorylation”2%
31, Other MOD should also be confirmed with further molecular work confirming the extent of
autophagy by for example monitoring of phosphorylation ATG16L1 using an pATG16L1s278 antibody
and ferroptosis by for example monitoring ACSL4/TFRC/PTGS2/CHAC1 regulation, DAMP release, or

degradation of GPX4/ARNTL/VDAC323%,

For Chapter 4, the biggest limitation of this work is the time frame selected for these experiments. For
the preliminary MOA and DNA damage experiments, analysis was conducted immediately following 24
hours exposure. This time frame was chosen for comparability with other results in this thesis, previous
work and the literature>'’3%37_ However, for complex 9 and other similar spacer complexes, this may
not be the most appropriate timeframe due to delayed activation. Therefore, repeats of selected
experiments including ssDNA and dsDNA damage, AWm and ROS induction and ruthenium

accumulation assays should be considered to assess the longer MOA of the spacer complexes.

Noting the significant antiproliferative of complex 9 and if similar activity of the proposed complexes
in Table 4-15 and Table 4-16. Following more in-depth determination of the MOA of these complexes,
they should be considered for in vivo studies to assess not only the antiproliferative, but also any

pharmacokinetic properties and side effects that may develop.

Overall, the work in this thesis demonstrates that bioisosteric replacements in organometallic
complexes are not only diverse but can yield unpredictable results. Here, the potential of the CH;
spacer and the isopropyl bioisosteres to increase potency and shift the MOA has been demonstrated.
Furthermore, the other trends observed can be used to inform the future of complex design and

broaden the field of the use of precious in the fight against cancer.
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Appendix | - Complex Guide

Complex Ligand Short structure Full structure

1 L1 Ru(L1)CI(PF) [Ru(n5-p-Cym)(ImPy)CI]PF;

2 L2 Ru(L2)CI(PF) [Ru(n5-p-Cym)(ImPy-4-Me)CI]PF,

3 L3 Ru(L3)CI(PF) [Ru(n5-p-Cym)(ImPy-3-Me)CI]PF,

4 L4 Ru(L4)CI(PF) [Ru(n5-p-Cym)(ImPy-2-Me)CI]PF,

5 L5 Ru(L5)CI(PF) [Ru(n5-p-Cym)(ImPy-3,5-DiMe)CI]PF,

6 L6 Ru(L6)CI(PF) [Ru(n5-p-Cym)(ImPy-4-iPr)CI]PF;

7 L1 Ru(L1)I(PF) [Ru(n5-p-Cym)(ImPy)I]PF,

8 L7 Ru(L7)CI(PF) [Ru(n5-p-Cym)(ImPy-Bn)CI]PF,

9 L7 Ru(L7)I(PF) [Ru(n5-p-Cym)(ImPy-Bn)I]PF,

10 L8 Ru(L8)CI(PF) [Ru(n5-p-Cym)(ImPy-Bn-4-Me)CI]PF,
11 ImPy-4-OH  Ru(ImPy-4-OH)CI(PF) [Ru(n5-p-Cym)(ImPy-4-OH)CI]PF,
12 L9 Ru(L9)CI(PF) [Ru(n5-p-Cym)(ImPy-Bn-4-OH)CI]PF;
13 L10 Ru(L10)CI(PF) [Ru(n5-p-Cym)(ImPy-(CH,),-4-OH)CI]PF;
14 L11 Ru(L11)CI(PF) [Ru(n5-p-Cym)(ImPy-4-OMe)CI]PF,
15 L12 Ru(L12)CI(PF) [Ru(n5-p-Cym)(ImPy-Bn-4-OMe)CI]PF;
16 L13 Ru(L13)CI(PF) [Ru(n5-p-Cym)(ImPy-Bn-2-OMe)CI]PF;
17 L14 Ru(L14)CI(PF) [Ru(n5-p-Cym)(ImPy-4-CI)CI]PF,
18 L15 Ru(L15)CI(PF) [Ru(n5-p-Cym)(ImPy-2-CI)CI]PF,
19 L16 Ru(L16)CI(PF) [Ru(n5-p-Cym)(ImPy-Bn-4-Cl)CI]PF
20 L17 Ru(L17)CI(PF) [Ru(n5-p-Cym)(ImPy-Bn-2-Cl)CI]PF;
21 L18 Ru(L18)CI(PF) [Ru(n5-p-Cym)(ImPy-4-SMe)CI]PF;
22 L19 Ru(L19)CI(PF,) [Ru(n5-p-Cym)(ImPy-4-NMe,)CI]PF




Chapter 3: Methyl Bioisosteres

X" / N
n_/
Complex 1 Complex 2
Ru(L1)CI(PFg) Ru(L2)CI(PFg)
\.)N@

N
shadiond
Complex 4 Complex 5
Ru(L4)CI(PFg) Ru(L5)CI(PFg)

S

v

Complex 3
Ru(L3)CI(PF¢)

NS

Complex 6
Ru(L6)CI(PFg)

=

XXIV



Chapter 4: Spacer Bioisosteres
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Chapter 5: Atom Bioisosteres
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Appendix Il - Bidentate Ligands

Synthesis Methodology

Chapter 3: Methyl Bioisosteres

L1 - ImPy

Aniline (204.4 mg, 2.20 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol equivalent
of 2-pyridinecarboxaldehyde (235.1 mg, 2.20 mmol) was added. This reaction was left to stir at room
temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a liquid crude
product weighing 381.5 mg (95%). 'H NMR (400 MHz; DMSO-de) 6 7.29 (tt, J=7.4, 1.7 Hz, 1H), 7.33 (dt,
J=7.3, 1.3 Hz, 2H), 7.44 (m, 2H), 7.52 (d, J=4.8, 1.23 Hz, 1H), 7.94 (td, J=7.8, 1.6 Hz, 1H), 8.16 (dt, J=7.5,
1.0 Hz, 1H), 8.59 (s, 1H), 8.72 (d, J=4.9 Hz, 1H). 3*C NMR (400 MHz; DMSO-ds) 6 160.80, 153.99, 150.49,
149.68, 137.04, 129.32, 126.73, 125.65, 121.19, 121.12. m/z (ESI) found a highest intensity peak for

the fragment of 183.09, with a calculated of 182.22 (M+ [C12H10N3]).
L2 — ImPy-4-Me

p-Toluidine (219.5 mg, 2.05 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol
equivalent of 2-pyridinecarboxaldehyde (219.4 mg, 2.05 mmol) was added. This reaction was left to stir
at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
solid crude product weighing 389.2 mg (97%). H NMR (400 MHz; DMSO-d¢) & 2.33 (s, 3H), 7.26, (m,
4H), 7.52 (qd, J=4.8, 1.2 Hz, 1H), 7.95 (td, J=7.8, 1.6 Hz, 1H), 8.15 (dt, J=8.0, 1.0 Hz, 1H), 8.59 (s, 1H),

8.71, (dq, J=4.5, 0.7 Hz, 1H). *C NMR (400 MHz; DMSO-ds) & 20.63, 121.06, 121.16, 125.52, 129.83,
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136.33, 137.04, 147.83, 149.66, 154.15, 159.80. m/z (ESI) found a highest intensity peak for the

fragment of 196.25, with a calculated of 197.11 (M+ [Ci3H12N3]).

m-Toluidine (218.4 mg, 2.04 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol
equivalent of 2-pyridinecarboxaldehyde (193.3 mg, 2.04 mmol) was added. This reaction was left to stir
at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
solid crude product weighing 374.1mg (93%). *H NMR (400MHz; DMSO-ds) & 2.34 (s, 3H), 7.11 (m, 3H),
7.31 (t, J=7.6 Hz, 1H), 7.52 (qd, J=4.5, 1.0 Hz, 1H), 7.94 (td, J=7.8, 1.5 Hz, 1H), 8.14 (d, J=7.9 Hz, 1H),
8.57 (s, 1H), 8.72 (dq, J=4.8, 0.8 Hz, 1H). 3C NMR (400 MHz; DMSO-ds) 6 20.92, 118.15, 121.12, 121.66,
125.59, 137.39, 129.11, 137.02, 138.69, 149.67, 150.49, 154.05, 160.52. m/z (ESI) found a highest

intensity peak for the fragment of 197.11, with a calculated of 197.10 (M+ [C13H12N3]).

o-Toluidine (218.4 mg, 2.04 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol
equivalent of 2-pyridinecarboxaldehyde (193.3 mg, 2.04 mmol) was added. This reaction was left to stir
at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
solid crude product weighing 337.7 mg (84%). 'H NMR (400 MHz; DMSO-ds) & 2.32 (s, 3H), 7.10 (d,
J=7.6 Hz, 1H), 7.17 (td, J=7.3, 1.2 Hz, 1H), 7.23 (dd, J=7.5, 1.3 Hz, 1H), 7.27, (d, J=7.3Hz, 1H), 7.53 (qd,
J=4.8, 1.1 Hz, 1H), 7.96 (td, J=7.7, 1.5 Hz, 1H), 8.47 (s, 1H), 8.72 (dq, J=4.8, 0.8 Hz, 1H). 3*C NMR (400
MHz; DMSO-ds) 6 17.50, 117.63, 121.16, 125.61, 126.38, 126.94, 130.23, 131.64, 137.06, 149.50,
149.64, 154.13, 160.01. m/z (ESI) found a highest intensity peak for the fragment of 197.11, with a

calculated of 197.11 (M+ [Ci3H12N3]).
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3,5-Dimethylaniline (230.5 mg, 1.90 mmol) was dissolved in up to 5 mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (203.8 mg, 1.90 mmol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a solid crude product weighing 391.8 mg (98%). *H NMR (400 MHz; DMSO-d¢) 6 2.30 (s, 6H),
6.93 (s, 1H), 6.94 (s, 2H), 7.52 (qd, J=4.8, 1.3 Hz, 1H), 9.75 (td, J=7.8, 1.6 Hz, 1H), 8.13 (dt, J=7.9, 1.0 Hz,
1H), 8.55 (s, 1H), 8.71 (dq, J=4.8, 0.7 Hz, 1H). 3C NMR (400 MHz; DMSO-dg) & 20.85, 118.77, 121.07,
125.56, 128.18, 137.04, 138.42, 148.41, 149.68, 150.50, 154.08, 160.24. m/z (ESI) found a highest

intensity peak for the fragment of 481.10, with a calculated of 481.10 (M+ [C14H14N3]).

4-1sopropylaniline (241.1 mg, 1.78 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol
equivalent of 2-pyridinecarboxaldehyde (191.0 mg, 1.78 mmol) was added. This reaction was left to stir
at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
solid crude product weighing 385. 8mg (96%). 'H NMR (400 MHz; DMSO-dg) & 1.22 (d, J=6.9 Hz, 6H),
2.92 (m, 1H), 7.30 (m, 4H), 7.52 (qd, J=5.9, 4.8, 1.0 Hz, H1), 7.94 (td, J=7.6, 1.4Hz, 1H), 8.15 (d, J=7.9 Hz,
1H), 8.60 (s, 1H), 8.71 (d, J=4.6 Hz, 1H). *C NMR (400 MHz; DMSO-ds) & 23.88, 33.05, 121.06, 121.19,
125.52, 127.16, 137.02, 147.23, 148.17, 149.65, 149.65, 154.16, 159.89. m/z (ESI) found a highest

intensity peak for the fragment of 225.14, with a calculated of 225.14 (M+ [CisH16N2]).

Chapter 4: Spacer Bioisosteres

Benzylamine (218.4 mg, 2.04 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol

equivalent of 2-pyridinecarboxaldehyde (218.1 mg, 2.04 mmol) was added. This reaction was left to stir
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at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
liquid crude product weighing 215.1 mg (54%). *H NMR (400 MHz; DMSO-ds) 6 2.08 (s, 2H), 4.84 (d,
J=1.4 Hz, 2H), 7.26 (m, 1H), 7.35 (d, J=4.5 Hz, 4H), 7.46, (qd, J=4.8 Hz, 1.30, 1H), 7.86 (td, J=7.7, 1.5 Hz,
1H), 7.99 (dt, J=7.9, 1.0 Hz, 1H), 8.49 (s, 1H), 8.65 (dq, J=4.9, 0.8 Hz, 1H). *C NMR (400 MHz; DMSO-ds)
6 30.68 63.72, 120.53, 125.23, 126.94, 128.07, 128.43, 136.91, 139.09, 149.42, 154.11, 162.68. m/z
(ESI) found a highest intensity peak for the fragment of 197.11, with a calculated of 197.11 (M+

[C13sH12N2]).

4-Methylbenzylamine (230.5 mg, 1.90 mmol) was dissolved in up to 5 mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (203.76 mg, 1.90 mmol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a solid crude product weighing 396.7 mg (99%). *H NMR (400 MHz; DMSO-ds) 6 2.28 (s, 3H),
4.79 (s, 2H), 7.15 (d, J=7.8 Hz, 2H), 7.22 (d, J=8.1 Hz, 2H), 7.46 (qd, J=4.8, 1.3 Hz, 1H), 7.86 (td, J=7.7,
1.7 Hz, H1), 7.97 (dt, J=7.8, 1.1 Hz, 1H), 8.46 (s, 1H), 8.65 (dq, J=4.8, 0.8 Hz, 1H).13C NMR (400 MHz;
DMSO-ds) & 20.69, 30.69, 63.45, 120.48, 125.19, 128.04, 128.97, 135.98, 136.90, 149.40, 154.13,
162.42. m/z (ESI) found a highest intensity peak for the fragment of 211.12, with a calculated of 211.12

(M+ [C14H15N2]).

4-Hydroxybenzylamine (236.4 mg, 1.92 mmol) was dissolved in up to 5 mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (205.0 mg, 1.92 mmol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a solid crude product weighing 374.7mg (92%). 'H NMR (400 MHz; DMSO-ds) & 4.53 (d,

J=5.7 Hz, 2H), 5.23 (t, J=5.7 Hz, 1H), 7.32 (dt, J=8.3, 1.9 Hz, 2H), 7.39 (dt, J=8.5, 2.1 Hz, 2H), 7.53 (qd,
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J=4.9, 1.2 Hz, 1H), 7.96 (td, J=7.8, 1.8 Hz, 1H), 8.16 (dt, J=7.9, 1.0 Hz, 1H), 8.60 (s, 1H), 8.72 (dq, J=4.8,
1.0 Hz, 1H). 23C NMR (400 MHz; DMSO-dg) & 62.54, 120.95, 121.13, 125.60, 127.40, 137.07, 141.33,
148.98, 149.69, 154.09, 160.21. m/z (ESI) found a highest intensity peak for the fragment of 213.10,

with a calculated of 213.10 (M+ [C13H13N20]).

4-Aminophenethyl alcohol (264.4 mg, 1.60 mmol) was dissolved in up to 5 mL of acetonitrile to which
one mol equivalent of 2-pyridinecarboxaldehyde (171.4 mg, 1.60 mmol) was added. This reaction was
left to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a liquid crude product weighing 368.7 mg (91%). *H NMR (400 MHz; DMSO-d¢) 6 2.75 (t,
J=7.0 Hz, 2H), 3.63 (m, 2H), 4.68 (t, J=5.2 Hz, 1H), 7.28 (m, 4H), 7.52 (qd, J=4.8, 1.3 Hz, 1H), 7.94 (td,
J=7.7, 1.7 Hz, 1H), 8.15 (dt, J=7.9, 1.0 Hz, 1H), 8.59 (s, 1H), 8.71 (dq, J=4.8, 0.9 Hz, 1H). 1*C NMR (400
MHz; DMSO-dg) & 38.57, 62.11, 121.04, 121.10, 125.54, 129.81, 137.04, 138.51, 148.31, 149.66,
154.14, 159.93. m/z (ESI) found a highest intensity peak for the fragment of 227.124, with a calculated

of 227.12 (M+ [C14H15N20]).

4-Methoxyaniline (237.2 mg, 1.93 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol
equivalent of 2-pyridinecarboxaldehyde (206.3 mg, 1.93 mmol) was added. This reaction was left to stir
at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
liquid crude product weighing 335.7 mg (82%). 'H NMR (400 MHz; DMSO-d¢) 6 3.78 (s, 3H), 6.99 (m,
2H), 7.38 (m, 2H), 7.48 (qd, J=4.8, 1.2 Hz, 1H), 7.91 (td, J=7.8, 1.6 Hz, 1H), 8.12 (d, J=7.93 Hz, 1H), 8.62
(s, 1H), 8.69 (dq, J=4.8, 0.9 Hz, 1H). 3C NMR (400 MHz; DMSO-ds) & 55.30, 114.50, 120.83, 122.80,
125.23, 136.90, 143.02, 149.58, 154.39, 158.19, 158.58. m/z (ESI) found a highest intensity peak for

the fragment of 213.10, with a calculated of 213.10 (M+ [C13H13N,0]).
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4-Methoxybenzylamine (242.5 mg, 1.77 mmol) was dissolved in up to 5 mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (189.4 mg, 1.77 mmol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a liquid crude product weighing 387.3 mg (97%). H NMR (400 MHz; DMSO-ds) & 3.73 (s,
3H), 4.77 (s, 2H), 6.91 (m, 2H), 7.26 (m, 2H), 7.46 (qd, J=4.9, 1.3 Hz, 1H), 7.86 (m, 1H), 7.97 (dt, J=7.9,
1.1 Hz, 1H), 8.45 (s, 1H), 8.64 (dq, J=4.8, 0.8 Hz, 1H). 3C NMR (400 MHz; DMSO-ds) & 55.03, 63.16,
133.82, 120.46, 125.16, 129.35, 130.93, 136.88, 149.39, 154.16, 158.30, 162.18. m/z (ESI) found a

highest intensity peak for the fragment of 249.10, with a calculated of 249.10 (M+ [C14H14N0]).

2-Methoxybenzylamine (242.5 mg, 1.77 mmol) was dissolved in up to 5 mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (189.4 mg, 1.77 mmol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a liquid crude product weighing 377.5 mg (94%). 'H NMR (400 MHz; DMSO-d¢) & 3.80 (s,
3H), 4.80 (s, 2H), 6.93 (td, J=7.4, 1.0 Hz, 1H), 7.01 (d, J=7.8 Hz, 1H), 7.27 (m, 2H), 7.46 (qd, J=4.9, 1.3 Hz,
1H), 7.86 (td, J=7.8, 1.6 Hz, 1H), 7.99 (dt, J=7.9, 1.0 Hz, 1H), 8.40 (s, 1H), 8.64 (dq, J=4.9, 1.0 Hz, 1H). 3C
NMR (400 MHz; DMSO-d¢) 6 55.33, 58.15, 110.69, 120.34, 120.47, 125.16, 126.64, 128.43, 129.28,
136.89, 149.37, 154.18, 156.88, 162.66. m/z (ESI) found a highest intensity peak for the fragment of

249.10, with a calculated of 249.10 (M+ [C14H12N,ONal).

4-Chloroaniline (245.5 mg, 1.92 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol
equivalent of 2-pyridinecarboxaldehyde (206.1 mg, 1.92 mmol) was added. This reaction was left to stir

at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
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liquid crude product weighing 368.9 mg (89%). 'H NMR (400 MHz; DMSO-de) 6 7.43 (td, J=46.2, 8.7 Hz,
4H), 7.54 (qd, J=4.9, 1.1 Hz, 1H), 7.96 (td, J=7.8, 1.4 Hz, 1H), 8.15 (d, J=8.0 Hz, 1H), 8.60 (s, 1H), 8.73
(dg, J=4.8, 0.8 Hz, 1H). *C NMR (400 MHz; DMSO-ds) 6 121.37, 123.02, 125.83, 129.26, 131.04, 137.11,
149.26, 149.75, 153.80, 161.58. m/z (ESI) found a highest intensity peak for the fragment of 217.05,

with a calculated of 217.05 (M+ [C12H10N2Cl]).

2-Chloroaniline (235.5 mg, 1.85 mmol) was dissolved in up to 5 mL of acetonitrile to which one mol
equivalent of 2-pyridinecarboxaldehyde (197.7 mg, 1.85 mmol) was added. This reaction was left to stir
at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation producing a
liquid crude product weighing 398.8 mg (100%). *H NMR (400 MHz; DMSO-ds) 6 7.28 (td, J=7.5, 1.7 Hz,
1H), 7.32 (dd, J=7.9, 1.7 Hz, 1H), 7.40 (td, J=7.5, 1.4 Hz, 1H), 7.55 (dd, J=6.5, 1.4 Hz, 1H), 7.57 (qd, J=4.8,
1.2 Hz, 1H), 7.99 (td, J=7.7, 1.5 Hz, 1H), 8.19 (td, J=7.8, 1.0 Hz, H1), 8.54 (s, 1H), 8.75 (dq, J=4.7, 0.9 Hz,
1H). **C NMR (400 MHz; DMSO-dg) 6 120.32, 121.60, 126.08, 127.56, 128.31, 128.94, 129.76, 137.21,
147.91, 149.80, 153.61, 162.79. m/z (ESI) found a highest intensity peak for the fragment of 217.05,

with a calculated of 217.05 (M+ [C12H10N2Cl]).

4-Chlorobenzylamine (245.5 mg, 1.73 mmol) was dissolved in up to 5 mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (185.7 mg, 1.73 mmol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a solid crude product weighing 338.9 mg (85%). *H NMR (400 MHz; DMSO-d¢) 6 4.84 (s, 2H),
7.38 (dt, J=8.8, 2.5 Hz, H), 7.42 (dt, J=8.8, 2.3 Hz, 2H), 7.48 (qd, J=4.8, 1.3 Hz, 1H), 7.88 (td, J=7.6, 1.7

Hz, 1H), 7.99 (dt, J=7.9, 1.0 Hz, 1H), 8.50 (s, 1H), 8.66 (dq, J=4.8, 1.0 Hz, 1H). 13C NMR (400 MHz; DMSO-
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de) 6 62.68, 120.55, 125.31, 128.37, 129.85, 131.50, 136.95, 138.21, 149.45, 154.00, 163.09. m/z (ESI)

found a highest intensity peak for the fragment of 231.07, with a calculated of 231.07 (M+ [C13H12NCl]).

2-Chlorobenzylamine (282.0 mg, 1.99 mmol) was dissolved in up to 5 mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (213.3 mg, 1.99 mmol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a liquid crude product weighing 443.9 mg (89%). 'H NMR (400 MHz; DMSO-d¢) & 4.93 (d,
J=1.2 Hz, 2H), 7.35 (m, 2H), 7.49 (m, 3H), 7.88 (td, J=7.9 Hz, 1H), 8.01 (dt, J=8.0, 1.03 z, 1H), 8.48 (s, 1H),
8.66 (dg, J=4.8, 0.9 Hz, 1H). 3C NMR (400 MHz; DMSO-ds) 6 60.72, 120.59, 125.37, 127.42, 128.94,
129.24, 130.38, 132.73, 136.39, 136.97, 149.45, 153.93, 163.62. m/z (ESI) found a highest intensity

peak for the fragment of 231.07, with a calculated of 231.07 (M+ [Ci13H12N,Cl]).

Chapter 5: Atom Bioisosteres

4-(Methylthio)aniline (252.2mg, 2.01mmolol) was dissolved in up to 5mL of acetonitrile to which one
mol equivalent of 2-pyridinecarboxaldehyde (215.8mg, 2.01mmolol) was added. This reaction was left
to stir at room temperature for 24 hours. The acetonitrile was removed by rotary evaporation
producing a liquid crude product weighing 398.0mg (87%). *H NMR (400 MHz; DMSO-ds) & 2.50 (s, 3H),
7.33 (m, 4H), 7.51 (qd, J=4.8, 1.2 Hz, 1H), 7.94 (td, J=7.7, 1.5 Hz, 1H), 8.14 (d, J=7.9 Hz, 1H), 8.62 (s, 1H),
8.71 (dq, J=5.8, 0.9 Hz, 1H). **C NMR (400 MHz; DMSO-d¢) & 14.89, 121.10, 121.99, 125.51, 126.75,
136.87, 136.98, 147.19, 149.65, 154.10, 159.83. m/z (ESI) found a highest intensity peak for the

fragment of 229.08, with a calculated of 229.08 (M+ [C13H13N2STY).
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Protocol was conducted per the methodology outlined by Hindo et al*. Briefly, 4-
dimethylaminopyridine (690.6mg, 5.07mmolol) was added to 3mL of ethanol under nitrogen
atmosphere. To this 1 equimolar equivalent of 2-pyridinecarboxaldehyde (543.1mg, 5.07mmolol) was
slowly added. This solution was allowed to mix under nitrogen for 10 minutes. This solution was then
refluxed for 40 minutes. This reaction was then allowed to cool, then the ethanol was removed by
rotary evaporation producing a dark green solid weighing 1104.5 mg (97%). *H NMR (400 MHz; DMSO-
ds) 6 2.95 (s, 6H), 6.77 (dt, J=9.0, 2.2 Hz, 2H), 7.36 (dt, J=9.0, 2.2 Hz, 2H), 7.45 (qd, J=4.82, 1.21 Hz, 1H),
7.90 (m, 1H), 8.11 (dt, J=7.9, 1.0 Hz, 1H), 8.63 (s, 1H), 8.67 (dq, J=4.8, 1.0 Hz, 1H). *C NMR (400 MHz;
DMSO-ds) 6 40.09, 112.45, 120.40, 122.84, 124.69, 136.77, 138.48, 149.47, 149.94, 154.72, 154.89.
m/z (ESI) found a highest intensity peak for the fragment of 226.13, with a calculated of 226.13 (M+

[C1aH16N3]").
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Appendix Il - Metal Content
Distribution Raw Values (Chapter 4)

Raw metal accumulation of platinum or ruthenium determined by ICP-MS in fg/cell of the fractions of
A2780 cells produced using the FractionPREP™ Cell Fractionation Kit (BioVision, Inc.). A2780 cells were

treated with treated with media as negative control, CDDP, 7 or 9 equipotently.

Pt content Cytosol Membrane Nucleus Skeleton
Control 0.006 (0.002) 0.044(0.031) 0.008 (0.013) 0.012(0.027)
CDDP 2.910(0.205) 7.683(1.527) 0.590(0.132) 0.898 (0.187)
Ru content Cytosol Membrane Nucleus Skeleton
Control 0.007 (0.001) 0.062 (0.043) 0.059 (0.094) 0.005 (0.004)
7 5.213(2.416) 32.226(12.803) 1.380(0.618) 7.563(3.184)
9 3.587(0.453) 22.087 (5.099) 0.723(0.200) 0.630(0.221)
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