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Abstract

Previous research by the university of Huddersfield identified a panel of silver N-heterocyclic carbine
complexes (Ag-NHCs) functioning as potential inhibitors of glycolytic lactate production. Early work
explored the inhibitory potential of Ag-NHCs in various cancer cell lines. Here, this is extended by
analysing the impact of Ag-NHCs on pancreatic and colorectal cancer cell viability and lactate
production to ascertain their potential use in chemotherapy regimens.

A standard LDH activity assay was adapted to investigate extracellular lactate utilising the high
sensitivity of NADH absorbance at 340nm. The study measured the absorbance change associated
with the reduction of NAD*to NADH during lactate conversion to pyruvate. Culture media was sampled
from cancer cells grown with or without various glycolytic inhibitors (including three novel Ag-NHC
compounds Ag8, HA197, and HA266). Extracellular lactate released into media was assayed in vitro
following the addition of reactants (LDH and NAD®), where the rate of reaction is considered
proportional to the concentration of extracellular lactate. This study showed all three novel Ag-NHCs
reduced extracellular lactate levels to a greater extent than two established glycolysis inhibitors
(silibinin and sodium oxamate). Furthermore, in all cases cell lines were most sensitive to Ag8.

The chemotherapeutic properties of the compounds were further investigated through
assessment of cell viability using the resazurin metabolic activity assay. Following exposure to the novel
Ag-NHCs, ICso values were determined for various cancer cell lines and compared with normal human
fibroblasts as a controlfor cancer cell specificity. Additionally, cells were co-treated with cisplatin and
Ag-NHCs, where the efficacy of cisplatin was enhanced by the presence of Ag-NHC compounds. This
study demonstrated that all cell lines were most sensitive to Ag8, which displayed the lowest I1Cs,
values. Overall, this study established three Ag-NHCs as novel inhibitors of lactate production,
apoptosis inducers, and potential chemo-sensitising agents.
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1.Introduction

1.1 Current state of cancer in clinical settings

Cancer is defined by the world health organisation (WHO) as abnormal cells which divide
uncontrollably, going beyond their usual boundaries to spread (World Health Organisation [WHO],
2022). This is a result of the accumulation of DNA alterations (genetic and epigenetic) and defective
cellular function (Basu, 2018). The development and formation of cancer cells into a solid mass, called
a tumour, is brought on by cancers unique characteristics within the body which allow it to rapidly
undergo mitosis multiplying at an abnormal rate and resisting death. Tumours are categorised into
being benign and malignant, (cancerous and non-cancerous), with therate at which they can grow and
invade surrounding tissues alongside metastasising to distant sites, the key characteristics of a
malignant tumour (Patel, 2020). The invasion of other tissues separate from the primary tumour is
called metastasis, this causes a much greater clinical challenge with metastatic cancer responsible for
about 90% of cancer related deaths (Guan, 2015; Kiri and Ryba, 2024).

Despite significant advancements in cancer research with constant developmentin screening,
identification, and treatment, cancer is still one of the leading causes of death worldwide, accounting
for nearly 10 million deaths in 2020, or nearly one in six deaths (Bray et al., 2024). Breast cancer is the
most common cancer in the UK, accounting for around 15% of all cancer cases in females and males
combined (2017-2019). The next most common cancers in UK people are prostate (14%), lung (13%),
and colorectal (11%). These four cancers alone account for more than half (53%) of all new cases in
the UK (2017-2019) (Cancerincidence for common cancers | Cancer Research UK, no date). However,
lung cancer is the most common cause of cancer death in the UK, accounting for around a fifth (21%)
of all UK cancer deaths (2017-2019). Thesecond most common causes of cancer death in UK people
are colorectal (10%) (Cancer mortality forcommon cancers | Cancer Research UK, no date). Pancreatic
cancer is the 10" most common cancer in the UK and the 5" most common cause of cancer related
deaths, exhibiting the lowest 5-year cancer survival rate of only 8.3%.

Pancreatic cancer is known for its aggressive nature and often presents with few early
symptoms, which makes early detection difficult. As a result, many people are diagnosed at later stages
when the cancer has already spread (Schwingel et al., 2023). Pancreatic cancer is classified into two
distinct categories based on the location of origin; exocrine tumours, which accounts for most cases,
and endocrine tumours, also known as pancreatic neuroendocrine tumours. The most common type,
pancreatic ductal adenocarcinoma (PDAC), is an exocrine cancer that originates in the cells lining the
ducts of the pancreas. PDAC is particularly aggressive and tends to grow rapidly, often spreading to
other parts of the body before symptoms appear (Wood et al., 2022; Halbrook et al., 2023).

Colorectal cancer is the 4" most common cancer in the UK and is the second highest for
mortality. Colorectal cancer defines any cancer which begins in the colon or rectum, parts of the large
intestine (Matsuda, Fujimotoand Igarashi, 2025). It often develops from benign growths called polyps,
which can slowly transform into cancer over time. A defining characteristic of colorectal cancer is its
gradual onset. Early stages often do not present noticeable symptoms, which makes early detection
crucial. As the cancer progresses, common symptoms include changes in bowel habits, blood in the
stool, unexplained weight loss, fatigue, abdominal discomfort, and sometimes a feeling of incomplete
bowel evacuation (De Mello et al., 2020). These symptoms can easily be attributed to other, less
serious conditions, which can delay diagnosis. Colorectal cancer typically develops in two main forms:
sporadic and hereditary. Sporadic CRC occurs without a family history, while hereditary forms, such as
Lynch syndrome and familial adenomatous polyposis (FAP), are linked to inherited genetic mutations.
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The presence of these genetic conditions increases the risk of developing colorectal cancer at an earlier
age (Dekker et al., 2019).

Both cancers share the unfortunate trait of often going undiagnosed in their early stages which
contributes to higher mortality rates. Thus, an improvementis needed in the developmentand design
of approaches to enhance early detection of the disease, reduce exposure to known risk factors, and
develop better treatments, including surgery, radiotherapy and chemotherapy options.

1.2 Cancer development

While developing into a malignancy, cancer cells develop several characteristics that allow this to take
place. These defining traits of a cancer cell are called its ‘hallmarks’. The hallmarks of cancer were first
characterised by (Hanahan and Weinberg, 2000) who aimed to better define what made an abnormal
cell a cancer cell. They initially identified six key biological characteristics that all cancer cells share that
are developed during carcinogenesis, the process in which normal cells become cancerous. These
hallmarks were sustaining proliferative signalling, evading growth suppressors, resisting cell death,
inducing angiogenesis, enabling replicative immortality, and activating invasion and metastasis ( shown
in Figure 1.1A).

In 2011 the same authors published a new paper, hallmarks of cancer: The next generation
(Hanahan and Weinberg, 2011a), which described additional characteristics that had gained
recognitionin the previous decade. The paper described two emerging hallmarks: deregulating cellular
energetics and avoiding immune destruction. The first of these supports neoplastic proliferation and
the second allows cancer to evade cell death brought on by the body’s natural immune response.
Along with these two emerging hallmarks, Hanahan and Weinberg described two enabling
characteristics which are only seen, due to increased complexity, at the tumour level as opposed to
the cellular level. These characteristics are genomic instability and tumour promoting inflammation
(Figure 1.1B). Tumours exhibit another dimension of complexity due to their ability to recruit, apparent
normal cells that contribute to the acquisition of hallmark traits by creating the "tumour
microenvironment” (Niu and Zhou, 2023).

1.3 Hallmarks of cancer

One of the “emerging” hallmarks of cancer as described in the 2011 paper is the reprogramming of
cellular metabolism falling under the category of deregulation of cellular energetics (Hanahan and
Weinberg, 2011b). Dueto therapid proliferation of cancer cells and the increased energy requirements
of related processes such as the upregulation of the growth of new blood vessels (i.e angiogenesis),
cancer cells are required to adapt their metabolic pathways to compensate for the rapid increase of
energy uptake. A key aspect of this is the Warburg effect in which malignant cells within a tumour
prioritise anaerobic glycolysis despite an adequate supply of oxygen resulting in the inefficient use of
glucose and high pyruvate-lactate production (Libertiand Locasale, 2016a; Spencer and Stanton, 2019;
Vaupel, Schmidberger and Mayer, 2019a). As cancers upregulate glucose transporters, notably GLUT1,
they can produce ATP at a significantly faster rate at the cost of glucose efficiency (Zhang, Qin and
Wang, 2010a). A product of this hallmark is that pyruvateis converted into lactate instead of being fed
into the citric acid cycle leading to a surplus of cellular lactate. The upregulation of monocarboxylate
transporters (MCTs), such as MCT2 and MCT4 as seen in prostate cancer, allows for the transportation
of the excess lactate into the tumour microenvironment (TME), contributing to the acidic environment
(Xiaetal., 2021).

The adaptation of the TME during the formation of solid tumours is another key phase of
cancer development. The increase in extracellular lactate caused by the changing in metabolic activity
leads to a dropin the pH of the TME (i.e., acidosis). Lactic acidosis has several pro-cancer effects with
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studies showing that the acidic TME contains the angiogenic driver, VEGF, key invasion mediators
(matrix metalloproteinases and cathepsins), along with cytokines such as transforming growth factor-
B (TGF-PB), all of which help spread the cancer either directly or indirectly (Wei and Guan, 2012; Rastogi
etal., 2023).

Another key effect of lactic acidosis is contributing to the ability of a cancer cell to evade
normal immune responses. Acidosis influences the ability of immune cells via several pathways
including inducing leukocyte apoptosis. One mechanism is via reduced expression of the autophagy
factor FIP200 in naive T cells observed in both patients with ovarian cancer and mouse models. This
resulted in suppression of cytotoxic responses mediated by CD8* T cells and the production of IFN-y by
Th; cells (Weiand Guan, 2012). These alterations, along with many others, can limit the ability of the
immune system to effectively monitor, suppress and eliminate abnormal cells during cancer
development.
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Figure 1.1: A) The Six originally identified hallmarks of cancer as described by Hanahan and Weinberg
in 2000 and the B) Four new emerging Hallmarks/Characteristics described in the revised 2011 paper
by the same authors
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1.4. Pancreatic cancer development

PDAC most commonly develops from non-invasive precursor lesions, most typically pancreatic
intraepithelial neoplasia’s (PanINs), which arise through acquisition of genetic and epigenetic
alterations. Pancreatic cancers can also evolve from intraductal papillary mucinous neoplasms or
mucinous cystic neoplasms (Stoop et al., 2025). Genetic sequencing has been used on a range of
primary samples for the purpose of fully characterising the typical gene mutations seen in pancreatic
cancer.

The most frequent genetic abnormalities in invasive PDAC are mutational activation of the
KRAS oncogene, inactivation of tumour-suppressor genes including CDKN2A, TP53, SMAD4, and
BRCA2, widespread chromosomal losses, gene amplifications, and telomere shortening. KRAS
mutations and telomere shortening are seen in the earliest development of the carcinoma, even in
low-grade pancreatic intraepithelial neoplasia’s, with telomere shortening being responsible for
further chromosomal instability. Abnormal KRAS signalling results in dysregulation of the mitogenic
MAPK pathway, driving uncontrolled proliferation. The inactivation of TP53, SMAD4, and BRCA2
proteins typically occurs in late-stage, advanced pancreatic intraepithelial neoplasia and invasive
carcinomas, exacerbating the proliferative and anti-apoptotic phenotype (Vincent et al., 2011).

1.5. Current treatment strategies for pancreatic cancer

Surgery is the only potential curative treatment for pancreatic cancer; however, prognosis remains
poor. Thisis primarily dueto late diagnosis, with 50-60% of patients presenting with distant metastatic
disease, 25-30% with regional disease, and only 10-15% of patients presenting with local disease at
diagnosis (Siegel, Miller and Jemal, 2019). In metastatic cases, treatment is not considered curative
and s therefore targeted atimproving symptoms and quality of life. Surgical treatment of local disease
is determined by the resectability of the tumour, which can be improved though radiotherapy, and the
intra-pancreatic location.

Tumoursin the head of the pancreases require a pancreaticoduodenectomy, often called the
Whipple procedure, for complete resection (Sohn et al., 2000) whileless common tumours located in
the distal end require a distal pancreatectomy (Vojtko et al., 2024). Total pancreatectomy also occurs;
however, they are rare due to the high risk of long-term complications, including significant metabolic
derangements, and exocrine insufficiency, coupled with the relatively low 5-year survival rate (one
study reported 34% survival after 3 years) and considerable high recurrence rates (Shtauffer et al.,
2009; Petrucciani et al., 2020).

For any chance of patient remission, a combination of complete resection and chemotherapy
is required (Strobelet al., 2022). While there is no gold standard treatment regime recommended for
pancreatic chemotherapy, the most common treatments include Gem-Cap, a combination of
gemcitabine and capecitabine, and FOLFIRNOX, a combination of fluorouracil, leucovorin, oxaliplatin,
and irinotecan (Mar Kolbeinsson et al., 2023). In local and advanced metastatic pancreatic cancers
these combination chemotherapies have been shown to improve the overall survival time in palliative
settings by less than 6 months (Conroy et al., 2011).

1.6. Colorectal cancer development

Colorectal cancer has a long latent development period of around 10 years with the developments of
dysplastic adenomas being the most common form of premalignant precursor lesions. One of the
earliest gene mutations occurs in the APC gene, present in over 80% of colorectal adenomas (Zhang
and Shay, 2017). Following this early stage of development, further mutations of the KRAS oncogene
and the inactivation, via mutation, of the TP53 tumour suppressor gene. These developments



14

contribute to increased chromosomal instability leading to diverse structural changes within
chromosomes.

While this is the typical route of colorectal cancer development, more than 15% of sporadic
colorectal cancers develop through fundamentally different pathways of molecular events. These
cancers include those originating from serrated precursor lesions, which are typical premalignant
precursor lesions in the proximal colon, and are often characterised by the CpG island methylator
phenotype and activating BRAF oncogene mutations. Most cancers arising from sessile serrated
adenomas display the high-level microsatellite instability (MSI-H) phenotype because of MLH1 gene
promoter methylation (Brenner, Kloor and Pox, 2014).

1.7. Current treatment strategies for colorectal cancer

Due to increased screening procedures for colorectal cancer, more incidents are being identified at
early stages where surgery only is required. In the T1 stage of colorectal cancer, endoscopicresections
can be carried out with endoscopic submucosal dissection and full thickness resection only being
required when there is suspicion of submucosal invasion.

For more developed tumours surgical resection is the gold standard for curative treatment.
Colectomies are the most common surgery when dealing with late-stage local carcinomas in which
whole sections of the colon are removed (Biller and Schrag, 2021; Morris et al., 2022). Recent studies
also indicate the benefits of complete mesocolon excision in which the whole mesocolon is removed
along with its blood vessels and surrounding lymph nodes so as improve patient outcome and reduce
the risk of recurrence (De Lange et al., 2023).
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Figure 1.2. The development of colorectal (A) and pancreatic (B) cancers. A) Colorectal cancer (CRC)
stages and development. There are four stages in the development of CRC carcinogenesis: initiation,
promotion, progression, and metastasis. Theliveris the most common metastaticsite, followed by the
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likely be required to form CRC. B) The development of acinar pancreatic cells into acinar-to-ductal
metaplasia (ADM) followed by the development through the pancreatic intraepithelial neoplasia
(PanIN) and PDAC stages towards metastasis (Hossain et al., 2022; Liu et al., 2023)
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1.8 Targeting glycolytic pathways in cancer —role of lactate

Lactate (C5Hg0s3) is the product of glycolysis in anaerobic conditions, it allows for NAD* regeneration
when complete pyruvate phosphorylationis not possible due to hypoxia. Itis produced when pyruvate
(C5H405) is oxidated by NADH in the presence of lactate dehydrogenase (LDH), producing lactate and
NAD+ (Valvona et al., 2016). In healthy normoxic conditions lactate is converted back into pyruvate
which can then be used in gluconeogenesis or the citric acid cycle. The anaerobic pathway that
produces lactate requires hypoxia which is a result of an imbalance of oxygen intake/sup ply and usage.
The development of malignancy in tissues has been recorded as a cause of hypoxia with a 2.7 -fold
decrease in partial pressure of oxygen (pO,) in renal carcinoma tissue compared to controls (McKeown,
2014). Thisis a consequence of oxygen supply imbalance caused by rapid replication of the malignant
cells outgrowingthe established vascularisation of the neoplasm (Infantinoetal., 2021), aswell as an
increased oxygen demand for cell proliferation.

Cancer cells upregulate the HIF-1 gene in hypoxic conditions to encourage processes such as
angiogenesis to return the tissue environment to normoxic conditions (Altenberg and Greulich, 2004).
However, despite re-establishing normoxia, cancer cells continue to produce increased lactate,
inferring that lactate production and accumulation in malignancy is not solely due to hypoxia
(Yarominaet al., 2009; Hirschhaeuser, Sattler and Mueller-Klieser, 2011). As mentioned previously, the
preferential production of lactate despite normoxic conditions is known as the Warburg effect.

The Warburg effect was initially attributed to damagein the mitochondrial pathway preventing
oxidative phosphorylation, however studies have recently suggested it to be an intentional adaptation
that benefits cancer growth (Alfarouk et al., 2014). One benefit of the Warburg effect is that despite
being less glucose efficient, a higher ATP yield over time is achieved. Aerobic glycolysis only produces
2 moles of ATP per mole of glucose compared to up to 36 moles of ATP if complete oxidation takes
place. However, aerobic glycolysis is approximately 100 times faster, due to the immediate NAD*
regeneration for further glycolysis, thus, although it is less glucose efficient, it has a greater overall
yield within a set period (Vazquez et al., 2010; Liberti and Locasale, 2016b). This lack of efficiency is
partly supported dueto the upregulation of HIF-1, which also increases the transport of glucose to the
malignant cells. Another potential benefit for cancer to favour production lactate is that it can be used
to produce a more hospitable environment for growth. The export of lactate ions and protons, caused
by the dissociation of lactic acid, to the extracellular space causes acidosis of the tumour
microenvironment. This has been reported to positively affect tumour growth by providing a more
favourable pH for growth and a less favourable one for the hosts immune response (Liberti and
Locasale, 2016c; Vaupel, Schmidberger and Mayer, 2019b; Vaupel and Multhoff, 2021).

A key benefit of an acidic tumour microenvironment for the tumour is that it can promote
metastasis. The low pH caused by lactate deprotonation promotes matrix metalloproteinase activation
(MMPs). These enzymes degrade the extracellular matrix, damaging surrounding tissues and
facilitating the growth and invasion of the tumour into the surrounding tissues (Dekker et al., 2019).
Acidosis of the tumour microenvironment also upregulates integrins which are key cell adhesion
molecules against the extracellular matrix (Hamidi and lvaska, 2018; Shie et al., 2023)

In addition to acidosis, lactate has been linked to the promotion of angiogenesis which is
critical for tumour growth. Lactate can bind to and activate the G-protein coupled receptor GPR81
(also known as HCA1) on cancer cells. GPR81 is highly expressed in different cancer cell lines including
colon, breast, lung, hepatocellular, cervical, and pancreatic (Vrzackova, Ruml and Zelenka, 2021).
Vascular endothelial growth factor (VEGF) is also upregulated. These processes induce downstream
signalling pathways that promote angiogenesis to improve blood flow, and thus nutrients and oxygen
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supply, tothe tumour (Porporato et al., 2020). Targeting lactate productionis a promising anti-tumour
treatment approach, potentially modifying cancer metabolism, the TME, vascularisation, andimmune
responsiveness.

1.9. Organometallic compounds: silver N-heterocyclic complexes

The design and development of organometallic compounds is one such area of chemotherapeutic
approach that has been prominent over the last few decades (Fish and Jaouen, 2003). One
representative compound that has found significant clinical use is cisplatin which is used to treat
several cancers including testicular and bladder (Schatzschneider and Metzler-Nolte, 2006). Dueto this
success there has been significantincrease in the number of metal-based diagnosticagents identified
(Atiyeh et al., 2007; Lansdown, 2010; Brandt etal., 2012; SteveD et al.,2017). Furthermore, the wide
variation of possible metal ions and general structures that can be used in these complexes, offers a
range of drug action mechanisms compared to organicsubstances which are limited in their use, often
constrained by specific kinetic, geometric, and atomic properties (Liang et al., 2018).

One of the more common structural backbones used in organometallic compound design are
electron-rich N-heterocyclic carbenes (NHC), which are capable of binding nearly every transition
metal. To identify an efficient NHC complex, thousands of potential novel candidates must be designed,
synthesised, investigated, and characterised. It was in 1965 that the first effective NHC complex,
cisplatin, was identified by Rosenberg, Van Camp and Krigas (1965). This discovery started the ongoing
development of organometallics in chemotherapeutic roles (Silver, 2003; Hindi et al., 2008, 2009;
Wright et al., 2012; Gurunathan et al., 2014). Despite the significant role cisplatin has made on the
clinical landscape (Siddik, 2003; Wang and Lippard, 2005), the compound itself has several significant
drawbacks. Cisplatin only works on a handful of cancer phenotypes and when it does work it has the
potential to cause a range of serious adverse effects such as nephrotoxicity (seen in figure 1.3),
ototoxicity, and neurotoxicity (Sahin-Boliikbasi, Cantiirk-Kiligkaya and Kiligkaya, 2021). Another serious
consequence of cisplatin treatment is the development of chemoresistance. The mechanisms that
provide this drug resistance includes a decreased uptake and/or increased efflux of cisplatin,
upregulation of sulphur-containing molecules such as glutathione which neutralise cisplatin, and
prevention of DNA damage caused by the cisplatin via repair and defective apoptoticsignal pathways
(Kartalou and Essigmann, 2001; Siddik, 2002, 2003; Wernyj and Morin, 2004). Due to these deficits,
there is a strong demand to further develop and synthesise new complexes which are more cancer-
selective and have reduced off-target effects on normal cells.

Along with cisplatin, several other platinum-based organometallic compounds are in medical
use such as carboplatin, lobaplatin, nedaplatin, and oxaliplatin. All are similarly effective in their
chemotherapeutic effects; however, they also display considerable adverse side effects and are
susceptible to acquisition of drug resistance (Patil et al., 2011; Eloy et al., 2012; Browne et al., 2014;
Haqueetal., 2015).

Due to the toxicity observed with platinum-based compounds, a focus on synthesising
compounds which use different metals has been seen. Over the last few decades, several alternative,
less toxic, metals have been used in the synthesis of organometallic compounds, including titanium,
iron, and cobalt, however gold and silver have been the most successful (Silver, 2003; Nolan, 2011;
Nayak and Gaonkar, 2021).
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Figure 1.3. Pathway of nephrotoxicity caused by clinical use of cisplatin. Cisplatin enters renal cells by
passive and/or facilitated mechanisms, Exposure of tubular cells to cisplatin upregulates MAPK, p53,
and ROS pathways which promote cell death. Cisplatin also induces TNF-a, triggering an inflammatory
effect which further contributes to the adverse effects. Cisplatin has also been reported to cause renal
vascular damage that leads to ischemia and further cell death.
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1.10. Silver N-heterocycles

Silver has no known role in normal biological functions but has been used in medical practice for at
least six millennia as an antimicrobial agent/tool dueto its high toxicity to microorganisms (Alexander,
2009; Medici et al., 2019). Silver nitrate, for example, was used extensively as an antimicrobial agent
prior to the development of penicillin and other more recent antibiotics (Russelland Hugo, 1994). Over
the last hundred years silver has found many roles where its medical properties have been exploited,
including water treatment, silverware, and in medical equipment (Lansdown, 2010).

While silver is not considered to be toxic to humans there have been some notable effects
observed. Inrare cases, chronic exposure can lead to bluish pigmentation of the skin (argyria) and eyes
(argyrosis). Soluble silver compounds have also been observed to cause liver and kidney damage,
respiratory issues, and changes in blood cells. However, metallic silver widely considered to pose
minimal risk to human health providing an ideal molecule to utilise within chemotherapeutic design
(Drake and Hazelwood, 2005).

The current understanding of silver-based compounds is that they affect cells via Ag(l)
molecules penetrating membranes allowing them to disrupt the pathways within, as seen in figure 1.4
(Hartinger and Dyson, 2009). Dueto electrostatic attraction and affinity for sulphur, Ag*adheres to the
cell membrane weakening it and allowing ions pass through more easily (Khorramiet al., 2018; Yin et
al., 2020). Following the uptake of free Ag*ions, metabolic respiratory chain enzymes are deactivated,
inhibiting the release of ATP, increasing reactive oxygen species (ROS) generation, and causing
ribosome denaturation (Shcherbik and Pestov, 2019). The generated ROS and intracellular Ag*, damage
the cell membrane and bind to DNA to prevent replication and cell division.

Nitrogen (N)-heterocyclic carbene complexes (NHCs) are a key feature of modem
organometallic chemistry. They were first synthesised and reported by Wanzlick and Schikora (1961)
and then again improved by Ofele (1968) who produced the first metal-NHC. More recently, they have
been developed as pivotal dative (coordinate covalent or dipolar bonds) electron doner ligands in
inorganic chemistry due to their properties as strong o-donors and m-acceptors. This allows them to
form much stronger bonds with metals compared to rival ligands such as phosphates which have
weaker stability (Nolan, 2006; Tialiou et al., 2022). Additionally, the lone electron pair on the carbene
carbon are stabilised by a localised nitrogen (Bourissou et al., 2000). These properties allow NHCs to
be used widely for two key reasons: they allow for strong coordination with any metal subunit, and
their stability to resist destabilisation from interactions with outside sources (i.e., moisture and air),
justifying the preference for NHCs compared to alternatives, such as phosphine ligands (Herrmann,
2002). Additionally, as NHCs have versatile dative bonds, they are capable of binding to both hard and
soft metals (Hu et al., 2004).

The number of synthesised metal-NHC ligands is a continuously growing with transition metals
such as copper, silver, gold, platinum, palladium, and ruthenium all having hundreds of conjugated
complexes which have been investigated (Johnson, Southerland and Youngs, 2017). Metal-NHCs have
also found a place in several significant scientific industries since there first production. They have
become important in polymeric materials, molecular switches, luminescent materials, and liquid
crystalline materials (Sahin-Boliikbasi, Cantiirk-Kilickaya and Kilickaya, 2021). While NHCs do have a
prominent role in catalytic chemistry, it is their potential medical application via antibacterial and
anticancer mechanisms which is their most prominent role today and their focus in research.
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Figure 1.4. Ag* mechanisms of cell damage. 1) Ag* disrupts the cell membrane by adhering or passing
through. 2) Ag*ions denature ribosomes and inhibit protein formation. 3) Interruption of adenosine
triphosphate (ATP) production due to Ag" ions deactivating respiratory enzymes on mitochondrial
membranes. 4) The damage of the cell and mitochondrialmembranes releases reactive oxygen species
(ROS) into the cytoplasm. 5) ROS causes membrane disruption. 6) Ag* and ROS bind to DNA and
prevent its replication and cell division. 7) ROS leads to oxidative stress in key glycolytic enzymes like
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reducing their activity and bottlenecking the
glycolytic pathway reducing. Disruptions in key glycolytic enzymes leads to reduced lactate production
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Figure 1.5. Structural features of 1,3-di(adamantly)imidazole-2-ylidine, the first synthesised
NHC. A) General structural features IAd (1a), detailing the effects of the ring size, nitrogen
heteroatoms and the ring backbone and nitrogen-substituents on the stability and reactivity of
the NHC. B) Ground-state electronic structure of imidazol-2-ylidenes. The s-withdrawingand p-
donating effects of the nitrogen heteroatoms help to stabilise the singlet carbene structure
(Hopkinson et al., 2014)
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As previously discussed, silvercompounds have been used throughout medical history,
exploited for their antimicrobial properties in which free Ag* ions penetrate cellular membrane
allowing inhibition of intercellular processes. Due to this mechanism of action, itis important
that any synthesised organometallic silver complex intendedto be used pharmaceutically must
be able to release Ag® ions at a controlled rate. Many current silver compounds such as the
antibiotic silver sulfadiazine release Ag* ionstoo rapidly, where their effectivenessis quickly and
uncontrollably lost (Brandtetal., 2012; Vishwanath etal., 2022). Fortunately, NHCs can be utilised
here. The NHC ligand has stronger bonds and is therefore capable of producing a significantly
slower, more desirable, controlled release of ions. In studies investigating silver complexes utility
against bacteria, such as E. coli, S. aureus, and P. aeruginosa, the incorporation of a Ag-NHC
complex enabled much lower silver content use to effectively inhibit bacterial growth (Hartinger
and Dyson, 2009).

Ag-NHCs have gained significant attention as anti-cancer againstinthe last fewyears due
to their practical nature. They are efficient for drug design, fast to optimise, have a high degree of
stability, have a relatively easy development process, and their mechanisms effect multiple
pathways. Silver has taken a particular interest over other metals due to its high affinity to NHC
complex and its natural low toxicity (Liu and Gust, 2013; Oehninger, Rubbiani and Ott, 2013).While
some of silvers apoptosis-inducing mechanisms have already been discussed, some of its alternative
chemotherapeutic, cytotoxic, mechanisms areyet to be explored. A 2017 study from Steveetal. (2017)
identified four key mechanisms through which Ag8, a prominent silver-NHC compound, may influence
cancer cells. These were (i) the inhibition of topoisomerases | and Il, causing single and double strand
breaks in cellular DNA, (ii) inhibition of thioredoxin reductase, leading to an unregulated increase in
thioredoxin disrupting regulation of redox reactions, (iii) inhibition of poly (ADP Ribose) polymerase
(PARP), reducing the transfer of ADP-ribose to target proteins and altering apoptosis, and (iv) inhibition
of glycolysis (Steve D et al., 2017; Shepherd, 2018).

Ag8 is just one of many silver N-heterocyclic compounds being studied currently. A study by
Shepherd (2018) investigated the properties of several potential lead Ag-NHC candidates for further
study (see Table 1). Representative compounds previously investigated are shown in table 1,
comparing structures and outlining the composition of the stock solutions tested. The compounds
shown in Table 1 highlight some of the structural diversity evident within this family of Ag-NHCs.

NHCs can be synthesised via a wide range of protocols. The most common and simplest
method to synthesis themis to produce NHCs based on 5-membered rings via the removal of a proton
from a designated azolium salts such as pyrazolium, triazolium, imidazolium, benzimidazolium,
oxazolium, or thiazolium via an appropriate base. The azolium precursoris first generated by alkylation
of a corresponding azole. The azolium salts are then deprotonated using strong bases such as alkali
metal hydrides or organolithium reagents to form free NHC. The stabilisation of this structure is
accomplished via the presence of nitrogen atoms in the ring which act as electron density donors to
the carbene. Once stable the NHC can be used to form a metal ligand complex due to the strong o-
donating and m-accepting properties. This synthesis can be tuned to produce a variety of NHCs with
different electronic properties by varying the size of the carbene ring, the substituents on the nitrogen
atoms, or the additional atoms within the heterocycle. For example, free NHCs can also be obtained
by the de-chlorination of 2-chloroazolium salts using electron-rich phosphines. This method provides
an alternative to the deprotonation approach and can be used to synthesize NHCs that are difficult to
obtain otherwise (Garrison and Youngs, 2005; Nolan, 2006; Haque et al., 2015; Jahnke and Ekkehardt
Hahn, 2017; Bbhme et al., 2022a, 2022b)
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Table 1.1. Silver N-Heterocyclic compounds and their molecular structures.
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Project aims and objectives

This project investigates the extracellular lactate inhibiting properties of three novel Ag-NHC
compounds against colorectal and pancreatic cancer cell lines. Lactate production will be determined
via the development and implementation of a spectrophotometry-based assay measuring the
conversion of lactate to pyruvate in the presence of LDH and NAD*. These Ag-NHC compounds will
then be evaluated for anti-cancer chemotherapeutic potential through resazurin-based cell viability
assays. Overall, this study will expand the understanding of how Ag-NHCs influence cellular
metabolism and cell survival.
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2.Methods

2.1. Cell lines and media

All cell lines were obtained from collaborators at the University of Huddersfield and University of Leeds
where they were regularly checked for mycoplasma contamination and authenticity. They were
maintained in their associated media as monolayer cultures and incubated at 37°Cin a CO, enriched
(5%) environment. Media (ThermoFisher Scientific; see Table 2.1 and 2.2) was changed regularly when
discolouration could be seen or during a passage. Cancer cell lines were passaged for up to 20 passages
or until a morphological change was noticed under the microscope after which they were discarded.
Cryopreserved cell line stocks were stored in liquid nitrogen. Immortalised (hTERT) primary cells were
maintained in culture until they showed signs of deterioration. Cells were checked daily to monitor
their growth and identify any change.

Table 2.1: Immortalised primary cells used during this study with their culture media and additional
supplementation

Cell Description Media Supplementation

line

HFF-1 | Primary human Roswell Park Memorial 10% foetal bovine serum (FBS)
foreskin fibroblast | Institute 1640 medium 1% Pen-Step (P/S)
cell (RPMI)

Table 2.2: Cancer cell lines used during this study with their culture media and additional
supplementation.

Cell line Description Media Supplementation

HCT116 P53 wildtype Dulbecco's Modified 10% foetal bovine serum (FBS)

p53+/* epithelial colonic Eagle Medium (DMEM) | 1% Pen-Step (P/S)
carcinoma

HCT116 P53 knock down Dulbecco's Modified 10% foetal bovine serum (FBS)

p53/- epithelial colonic Eagle Medium (DMEM) | 1% Pen-Step (P/S)
carcinoma

PSN-1 Epithelial-like Roswell Park Memorial | 10% foetal bovine serum (FBS)
pancreatic Institute 1640 medium | 1% Pen-Step (P/S)
adenocarcinoma (RPMI)

BxPc-3 Epithelial pancreas | Roswell Park Memorial | 10% foetal bovine serum (FBS)
adenocarcinoma Institute 1640 medium | 1% Pen-Step (P/S)

(RPMI)
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2.2. Cell culture methods

All cell culture was carried out in a laminar flow hood in a dedicated culture room. Only sterile
equipment and reagents was used in the hoods to maintain the integrity of the cultures. All reagents
where kept refrigerated (2-10°C) or frozen before being warmed to 37°C in a water bath prior to use.

Subculturing was carried out whenever a monolayer cell culture reached 285% confluence. Cell
subculturing was used to either transferthe cells to a new culture flask/s or to seed plates for analysis.
Initially, the previous media is removed, via aspirating, from the desired culture flask where the cells
are attached. A PBS wash of the cells is used to neutralise any FBS from the supplemented media still
present in the flask. An appropriateamount of trypsin (1-5 mL) was used depending on the size of the
flask. This flask was manipulated to ensure complete contact with all cells and then incubated for 5
minutes. After this time, an equal volume of full growth media was added to the flask to neutralise the
trypsin. A single cell suspension wasthen generated by vigorous pipetting. This suspension was then
added to new labelled culture flasks in accordance with an appropriate split ratio. The cells wherethen
left overnight in a 37°C incubator to allow the cells to settle and bind/attach. Following cell
subculturing, the passage number of that culture is increased, and recorded on the flask.

2.3. Cell counting

Cell counting was either done via haemocytometer or automated cell counter (DeNovix BioDrop). In
both cases, the culture first underwent trypsinisation, as stated above, to achieve a single cell
suspension. For the automated cell counter, 50l of cell suspension was aliquoted into a microfuge
tubeand this sample was then removed from the hood. The cell counter was cleaned with 70% ethanol
before use and initialised before 10uL of sample was added to the chamber. The cell counter provided
a cell/mL value for each sample. After use the cell counter was again cleaned with 70% ethanol

For cell counting using haemocytometer, 100pl of cell suspension (culture trypsinised to single
cell structureand then neutralized with media) was thoroughly mixed with 100ul of 0.4% trypan blue
stain, allowing a distinction between viable and non-viable cells. The stained sample was then used for
counting on a haemocytometer. Before use, the haemocytometer and coverslip were cleaned with
70% ethanol and firmly fixed in place. 10pl of stained cell suspension was then dispensed into the
chamber and viable cells counted using astandardised method shown in Figure 2.1. The average viable
cells between the 4 highlighted sections were adjusted by the dilution factor (multiply by 2 and then
10%) giving a cell/ml value for the unstained cell suspension (Figure 2.1).

2.4. Cytotoxicity assay

All drugs were initial suspended in DMSO as a solventand made up as initial stock concentrations. Any
further dilution of the stock prior to investigation was prepared using sterile PBS. 100 uL of drugged
media was added to previously seeded 96 well plates to make final concentrations of 10uM, 50uM,
100uM, and 250uM. These plates where then wereincubated at 37°Cina CO, rich environment for 48
hours. Following this incubation period, 20uL of 0.04% resazurin. Following incubation with the
resazurin, the fluorescence of each well was measured at 555-590nm.
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Figure 2.1: Standard method for counting cells on a haemocytometer grid. The four highlighted (blue)
outer corner of the grid were used in the counting. All viable cells (white) and non-viable cells (blue)
were tracked on separate cell counters. For each individual grid, cells on the top and left edge
(indicated with green) were counted and the cells on the right and bottom (indicated with red) were
not to prevent duplicate counts.

2.5. Chemosensitivity assay

A 96 well plate of monolayer cells was first prepared by aspirating off the growth media. Serum free
media was then added to each test well to atotal volume of 200 pLincluding either Ag8 (10uM), HA266
(10uM), or HA197(50uM) and a variable concentration of Cisplatin (10uM, 50uM, 100uM, or 250uM).
The drugged plate was thenincubated at 37°Cin 5% CO, for 48 hours. Following this incubation period,
20pL of 0.04% resazurin. Following incubation with the resazurin, the fluorescence of each well was
measured at 555-590nm.

2.6. Lactate release assay

. Pyruvate
Lactate Pyruvate + Hydrazine ey hydrazone
+ LDH +
NAD* NADH
340nm

Figure 2.2. The base reaction on the LDH activity assay. It shows lactate’s reversable reaction with
NAD*in the presence of LDH to produce pyruvateand NADH, the latter of which can be measured via
spectrometry at 340nm. The non reversable reaction between Pyruvate and hydrazine to produce
pyruvate hydrazone can also be seen.
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2.6.1. Assay buffer for assessing LDH activity

To investigate LDH activity following the addition of a sample, an assay buffer solution was produced.
Once all the components where added, mixed by inversion until dissolved and uniformly distributed;
The final assay buffer composition is 200mM glycine, 166 mM hydrazone, 2.5mMNAD*, 8U/mL lactate
dehydrogenase (LDH). This solution has limited stability so for the purpose of this study a 0.6 M glycine
0.5M hydrazine buffer was produced as a stock and adjusted to pH9.2 with NaOH. The complete assay
solution was then made up on the day of use by the addition of the additional components (NAD?,
LDH, dH,0).

2.6.2. LDH activity/Lactate release assay

LDH activity and lactate release was measured via spectrometry at 340nm following the combination
of 20pLof sample media and 180pL of complete assay buffer to a total reaction volume of 200uL wells
of a 96 well clear flatbottom plate compatible with a plate spectrophotometer. The study utilised the
reaction of lactate with NAD* in the presence of LDH to produce pyruvateand NADH (Figure 2.2). The
utilization of a glycine hydrazine buffer produced pyruvate-hydrazone making thereaction irreversible.
As NADH has peak wavelength absorbance at 340nm, change in absorbance measured via
spectrophotometry at 340nm can be used to measure the rate of reaction thus identifying enzyme
activity. By controlling NAD* and LDH levels in the reaction, change of enzyme activity between
samples is therefore relative to the lactate concentration of the sample.

2.6.3. LDH activity validation assay

Four key validations were carried out prior to the utilisation of the enzyme kinetic assay used in this
study. The optimisation of sample volume was investigated by testing a range of lactate standard
(ImM) volumes (5-40pL) and made up 200pLusing the complete assay solution (as described above).
Immediately after the addition of the buffer, the absorbance (at 340nm) of the sample was measured
for an hour to calculate the rate of reaction (AA/s).

To identify any potential interference caused by culture media in the assay, an investigation
was carried out in which a range of stock lactate solutions concentrations were made (0.5-1000mM).
These used either dH,0, DMEM, or DMEM+ (with FBS and P/S) as the solvent. 20pL of these stocks
were added to 190pL of the total assay buffer. After an hour, the absorbance of these samples was
measured at 340nM.

To identify the stability of media samples taken from cell lines a study was carried out in which
HCT116 p53 positive (+/+) and HCT116 p53 knock down (-/-) cells were grown in T25 flasks till 90%
confluent. At this point the complete media was removed, a PBS wash carried out and 3mL of fresh
serum free media added. At this time (T0), a sample of the media was aliquoted into a microtube.
Some of this sample was used immediately to investigate enzyme activity following the addition of the
assay buffer solution (spectrophotometry at 340nm).Therest of the sample was frozen. A new sample
was taken fromthecells every 2 hours, for a total of 6 hours, wherethe same procedure was repeated.
24 and 96 hours after the samples were taken, the frozen media aliquots where tested ion the same
assay. The rate of reaction of these different sample ages were compared to determine the stability of
the samples when frozen.

2.6.4. Assaying LDH activity in cancer cells

LDH activity and lactate release was measured via spectrometry at 340nm following the addition of

20pLof sample media and 180puLof complete assay buffer per well of a 96 well clear flatbottom plate.
The study utilised the reaction of lactate with NAD* in the presence of LDH to produce pyruvate and
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NADH. The utilization of a glycine hydrazine buffer produced pyruvate-hydrazone making the reaction
irreversible. As NAD* has peak wavelength absorbanceat 340nm, changein absorbance measured via
spectrophotometry at 340nm can be used to measure the rate of reaction thus identifying enzyme
activity. By controlling NAD* and LDH levels in the reaction, change of enzyme activity between
samples is therefore relative to the lactate concentration of the sample.

In this study two methods of sample preparation where used. In the first instance media was
taken from a monolayer culture. Monolayer cell cultures were seeded and grown in flat bottom 6 well
plates. Cells were seeded at a concentration of 0.3x10* cells/ml with each 6 well containing 5 ml of
supplemented media. These cells werethen incubated at 37°Cin a CO, rich environment until reaching
a confluence of 280% at which point they were used for testing. In testing, the samples had their
growth media aspirated off and a PBS wash was carried out. The culture wasthen exposed to 1mL of
drugged serum free media. 10pM, 50uM, 100uM, and 250uM of novel and control compounds (Ag8,
HA197,HA266, silibinin, and sodium oxamate). Immediately after drug exposure, a 20 yL media sample
was taken for testing. Every 2 hours after exposure, another sample was taken for testing to a total of 6
hours.

The alternative method of sample collection utilised high-density cultures to increase cell
concentration per well. Inthis method cells were suspended in 96 well round bottom plates. Cells were
seeded at a concentration of 1.0x10° cells/ml with each well containing 100pL of serum free media.
Following the previous method, the culture was exposed to 100 pL of drugged serum free media for a
total well volume of 200puL. 10uM, 50uM, 100uM, and 250uM of novel and control compounds (Ag8,
HA197,HA266, silibinin, and sodium oxamate) where used. Immediately after drug exposure, a 20 L
media sample was taken for testing. Every hour after exposure, another sample was taken for testing
to a total of 6 hours.
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Table 2.3. The function and structure of non-novel compounds used in this study

disrupts DNA repair
and replication

Compound name | Function Structure
Cisplatin Platinum based
chemotherapeutic -

i»

Silibinin

Inhibitor of Glycolysis
— Inhibits pyruvate
kinase in glycolysis

Sodium Oxamate

Inhibitor of Glycolysis
— Inhibits the actions
of the enzyme LDH

2.7. Statistical analysis.
Both the Lactate inhibition data and cell viability datais presented as mean + Standard error (SE=o/Vn)
of at least three biological triplicate samples unless stated otherwise. Data was analysed using
Microsoft excel via the data too pack and single tailed T tests were used to ascertain statistical
significance with a threshold (a value) of *p<0.05, **p<0.005 unless stated otherwise.
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3. Inhibition of lactate release by novel silver
organometallic compounds

3.1. Introduction

To investigate the novel silver organometallic compounds mechanisms of glycolysis inhibition, an
investigation of extracellular lactate release following drug exposure was carried out. By investigating
changes in lactate release we can begin to identify potential therapeutic value for these compounds
within clinical cancer settings, exploiting cancers reliance on anaerobic glycolysis (i.e., the Warburg
effect).

The LDH activity assay was used to examine the changes in lactate production. The assay
utilises the reaction between lactate and NADH, in the presence of LDH, to produce pyruvate and
NAD*, which can be reliable measured via spectrophotometry at 340nm. By controlling the
concentration of all reagents but lactate, any changein NADH production occurring during the reaction
(monitored as an absorbance change), are correlated to a change in lactate concentration. Thus, the
rate of reaction, as measured by the loss of NAD* and increase in NADH, is proportional to the lactate
concentration of the sample.

This assay is to be utilised on extracellular media samples taken from several in vitro cancer
cell lines, both pancreatic (PSN-1 and BxPc-3) and colorectal (HCT116 +/-). These cell lines will be
exposed to the novel compounds and media samples taken over time to determine change in lactate
concentration over time following drug exposure.

3.2. LDH activity assay validation

To investigate the change in extracellular lactate, a lactate dehydrogenase (LDH) activity assay was
chosen from current literature (T Hass and B. Hurley, 2023). The assay was subsequently optimised
and validated for the type of sample, the assay run time, and potential interference of different media
types.

The general LDH activity assay utilises a reaction buffer mixed with a volume of sample. Figure
3.1A compares different sample volumes in a total reaction volume of 200uL when monitoring
absorbance change at 340nm over an hour. Sample volumes of 5uL, 10uL, 20puL, and 40uL were
investigated using two different lactate-spiked solvents at a concentration of 1mM; water (control) and
DMEM (media). Smaller sample volumes tended to produce a greater absorbance change
(AAbsorbance/s), with 5uL of sample producing the largest change per second for both solvent types
(Figure 3.1A). At 5uL the control water sample had a AAbsorbance/s of 4.19x10°°. As the volume
increased, these values decreased to 4.05x10°, then 3.8x1075, and 3.18x10° respectively. The media
sample followed a similar trend, where the highest AAbsorbance/s of 5.19 x10°° was seen with the 5L
media sample, decreasingto5.17 x10°,4.94 x107°, and 3.18x10° forthe 10pL, 20uL, and 40uLsample
volumes, respectively. Comparing the control to media sample, a significant difference (p<0.005) can
be seen at mostvolumes indicating a need for further investigation of the influence of culture media
within the study.

As the kinetics assay will utilise samples derived from cell culture media, any potential
interference from the media was investigated next. In Figure 3.1B the interference of two media
variants (with and without 10% (v/v) foetal bovine serum; FBS) were investigated and compared to a
control solvent (water) over a 1h assay period. The absorbance of these samples was measured at
lactate concentrations of 0.5mM to 1000mM. The data shows that media containing FBS exhibit
reduced absorbance changes across the assay period following changes to the lactate concentration.
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This indicates that serum interferes with the assay and accurate determination of LDH activity. As the
lactate concentration decreases, this difference in the FBS-containing samples becomes more
apparent. At 1000mM lactate the difference between medias is insignificant (control= 3.3, FBS=3.0,
DMEM=3.2), whereas at 80mM the difference is significant (p<0.005; control=1.7, FBS=1.9,
DMEM=1.6), and at 0.5mM the FBS differs from the control at a significance level of p<0.0005
(control=0.3, FBS=1.4, DMEM=0.3).

The lactate release assay requires sequential media samples to be taken across different time
periods from cells growing under standard tissue culture conditions, sometimes required storage prior
to analysis. The stability of this sample is important as it determines how soon after taking the sample
it must be analysed. Figure 3.1Cinvestigates the changein LDH activity of samples fromtwo cells lines,
HCT116 p53 positive (+/+) and HCT116 p53 knock down (-/-) cells, taken from the cell lines over a 6-
hour period after a media change. Samples were analysed after 0, 1, and 4 daysin 0-10°Cstorage. The
data shows that after 1 and 4 days, the rate of reaction has significantly decreased compared to the
sample analysed immediately after collection (Figure 3.1C). The data shows that this change in rate
becomes more prominent in the later sample time points with the TO samples having a data range of
0to 2.5x107° forthe p53 positive cell lines and 0 to 3.1x10-° forthe p53 knockdown lineand the T6 data
ranging from 4.8x107° to 1.74x10 for the positive line and 8.58x10° to 2.23x10* for the negative line.
This difference has a significance level of p<0.005 between that of the day 0 sample and the two older
stored samples. This shows that lactate within the samples is not stable in storage and therefore must
be analysed on the day it is taken.

In previous testing of this assay, a reaction time of 1 hour was chosen. However, to optimise
this reaction there is value in comparing a range of times, as the rate of reaction is likely fastest at the
start of the reaction. The datain Figure 3.1D shows the change in reaction rate based on the reaction
time chosen across a range of lactate concentrations. As predicated, the shorter reactions show the
greatest rates of reaction across the range of lactate concentrations. A linear trendline for each time
variable was used to calculate R? values as a measure of how linear the results obtained are. While the
shorter reactions have the highest rate of reaction, they also have the lowest R? values. The 1000s
reaction has an R? value of 0.9335, followed by 2000s with a R? value of 0.96, and then 4000s with a
R?value of 0.9778. Asthe R?valueis representative of how liner the trend is, this shows that the higher
the time of reaction the more linear the increase in rate over concentration with is a valuable
optimisation for the study.
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Figure 3.1: A) The rate of reaction over an hour of the LDH kinetics assay following the addition of
various samplevolumes (5uL, 10uL, 20uL, and 50pL). The sample was a 10mM lactate solution of either
culture media (DMEM) (O) or a control solvent (buffer) (). Significance determined though single
tailed paired T test where **=P<0.005. B) A clustered column chart comparing the absorbance after 1
hour of various lactate spiked sample types in the lactate kinetics assay. The control sample (white)
uses dH,0 as the solvent. Both media samples use DMEM however one included 10% foetal bovine
serum (black) and the other is serum free (hashed). Significance was determined via single facto
ANOVA comparing the change within each lactate concentration group. *=P<0.005 **=P<0.0005 C) A
comparison of the LDH activity of mediasamples 0, 1, and 4 days after taking the sample from a culture
flask of either HCT116 p53 positive (+/4) or HCT116 p53 knock down (-/-) cells. Significance was
determined via single factor ANOVA comparing the different sample ages within a single cell line.
**=P<0.005. Age of the sample is represented by the day number (i.e., 4d for 4 days post collection)
and the cell line is represented by the +/- where HCT116 p53 positive or negative was used. D) Rate of
reaction of the LDH activity assay with variable lactate concentrations (0.1 to 100mM). The graph
compares AAbsorbance value of different assay run time 1000s (Blue), 2000s (Orange), and 3000s
(Black). Each run time has a liner trendline plotted with an associated R? value. The relative R? value
shows the liner nature of the results where a value of 1 is completely linear.
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3.3. LDH activity/Lactate Inhibition studies

The investigation of changing extracellular lactate following exposure to novel drugs was carried out
using the optimised LDH activity. During this study, two different methods of cell culture were
investigated for the collection of media samples. The first was a monolayer culture where the media
sample was taken from a confluent 6 well plate of cells and the second method utilised suspended
cells in a round bottom 96 well plate.

3.3.1. Monolayer culture

Monolayer cultures of the colorectal cell lines HCT116 p53 positive (+/+) and HCT116 p53 knock down
(-/-) where exposed to the novel silver organometallic compounds Ag8, HA197, and HA266 at a range
of concentrations to investigate their effect on extracellular lactate over time investigated though the
enzyme activity of LDH in a reaction buffer.

The effect of Ag8 on both colorectal cell lines is graphed in figure 3.2A and B. At initial drug
exposurethere was a rate of reaction of 0AA/min and this value then increased over time. The negative
control of the HCT116 (+/+) cell line increased to 1.39x102 at the end of the 6-hour observation while
the HCT116 (-/-) lineonly increased to 3.60x103. This is over a 3-fold increase in rate of reaction in the
HCT116 (+/+) linecompared to the HCT116 (-/-) line. In both celllines theincrease in AA/min is greatest
between the TO and T2 (A:8.06x103and B:2.30x1073) time points with a notable decrease over time
with a smaller change between the T4 and T6 time point (A:2.89x107 and B:1.56x10*). The effect of
Ag8 appears dose dependantin both cell lines with an increased dose correlation to a decreased rate
of reaction. In the HCT116(+/+) line a deviation from the control can be seen at the second hour
following exposure to all concentrations except for 50uM, which closely follows the trend of the
control. At this time point the rate of reaction following 10uM, 100uM, and 250uM of Ag8is 4.51x10°
3,5.02x103, and 3.87x10° respectively while the control value maintains a AA/min of 8.06x103. This
shows a minimum of a 1.6-fold decrease in rate of reaction caused by the addition of Ag8 at these
concentrations. However, the same effect is not seen in the HCT116(-/-) line. All concentrations
maintain correlation to the control value apart from 250uM, which deviates at the 2-hour point. The
rate of reaction following 2 hours exposure to Ag8 on the HCT116(-/-) cell line shows a rate of reaction
of 9.96x10* compared to the control-treated value of 6.60x1073. From this point on, this sample does
not show an increase in rate of reaction, where at the 6-hour point treatment with250uM of Ag8
produces a 8.41x10“*AA/min compared to the control value of 3.60x10-3AA/min. Overall, this
demonstrates a 4.2-fold decrease in lactate production caused by exposure to Ag8.

The effect of HA197 in HCT116 p53 positive (+/+) and HCT116 p53 knock down (-/-) is seen in
figure3.2Cand D. The novelsilver organometallic compound has no effect on the p53 positive cell line,
where no deviation is seen from the negative control sample. At the 6-hour time point, the control has
a rate of reaction of 1.39x10°% and all test samples fall within the range of 1.29x102and 1.4x102, falling
within the standard deviation of the control replicates.

HA266 appears to have minimal influence on the rate of lactate production in HCT116 cells,
where a decrease in rate of reaction within the p53 positive cell line at the 6-hour point (figure 3.2E).
Only HA266 at a concentration of 100uM falls below one standard deviation of the control replicates
at a rate of reaction of 1.17x10°2 compared to the control samples 1.39x10-2. All other concentration
falls within the 1.75x10°3 standard deviation of the control.
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Figure 3.2: The rate of reaction of media samples taken from HCT116 p53 positive (+/+) (Figures 3.2A,
C, and E) and HCT116 p53 knock down (-/-) cell lines, grown as a monolayer culture,(Figures 3.2B, D,
and F) following exposure novelsilver organometalliccompounds at arange of concentrations (10uMe,
50uMs=, 100uM 4 ,and 250uMe) compared to a negative control (Dashed Line). A and B) Ag8. Cand D)
HA197. E and F) HA266. Error bars represent standard deviation of technical triplicate replication

samples.
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3.3.2. Lactate Release from Cells Cultured at High Density in Round-Bottom 96-
well Plates

A high-density culture of colorectal cell lines, HCT116 p53 positive (+/+) and HCT116 p53 knock down
(-/-), and pancreatic line, BxPc-3 and PSN-1, were exposed to the novel silver organometallic
compounds Ag8,HA197,and HA266 and known LDH inhibitors silibilin and sodium oxamate. A range
of concentrations were investigated for their effect on extracellular lactate concentration overa 4-hour
period, determined using the LDH activity assay. The high-density culture consisted of cells seeded at
a concentration of 1.0x108 cells/mlin a 96 well plate with each well containing 200uLdrugged serum
free media for a total well volume of 200pL. This high-density seeding is above the recommended cell
density for long term survival however due to the short length of the study this is not considered to
be relevant.

The effects of the silver organometallic compound Ag8 on all cell lines is shown in Figure 3.3
for four different cell lines; A) HCT116 p53 positive (+/+) B) HCT116 p53 knock down (-/-) cell C) BxPc-
3 and D) PSN-1). The data shows a dose-dependent response in which higher concentrations of
treatment produced the most significant decrease in enzyme activity correlating to a reduced lactate
concentration in the sample media taken from culture. Across all cell lines, a significant (*p=<0.05 and
**p=<0.005) reduction in rate of reaction can be seen with Ag8 treatment at concentrations of 100uM
and 250uM, with the absolute difference from controls increasing over time. Ag8 treatment also
produced cell line-dependant responses at lower concentrations. For example, at 50uM, both
pancreatic lines displayed significantly reduced lactate production, a response not evident in either
HCT116 colorectal cell line.

Infigures 3.3Cand D, 50uM of Ag8 reduced the rate of reaction, decreasing lactate production
in the two pancreatic cell lines tested (BxPc-3 and PSN-1). Infigure3.3Athe HCT116 p53 positive (+/4)
cell line showed significant deviation from the control at the second hour of sampling for 100uM and
250uM concentrations. Control samples had a AA/s of 3.97x10%whereas the samples treated with
high Ag8 doses decreased to 1.17x10%° (100uM) and 1.65x10% (250uM), with a significance of p<0.05
compared to control treatments. At this time point, 50uM of Ag8 also showed some difference from
the control, however this did not extend to later time points. By the 6™ hour, a greater significant
difference was observed between the control and treated cells (p<0.005). The control samples AA/s
increased to 9.35x10°° whereas the treated samples remained low at 1.90x107° and 1.24x10%,
reflective of a suppression in lactate release with Ag8.

HCT116 p53 knock down cells (-/-) showed a similar trend, however the differences compared
to controltreatments were evident after the first hour of drug exposure. At this time point the control
displayed a AA/s of 2.9x107°°, whereas the treated samples already showed a significant reduction in
lactate production, with a lower AA/s of 1.67x10°%° and 1.41x10°° observed respectively (100uM and
250uM). Again, the treated samples maintained a suppressed lactate production, while the control
value increased to 6.23x107°°.

As previously stated, the pancreatic lines show an increased sensitivity to Ag8 as the lower
50uM dosage was observed to significantly impact the two lines tested. In figure 3.3CBxPc-3 is shown
to differ from the control at 50uM treatment with a significance of p<0.05 from as early as the first
hour of exposure. This sample displayed a AA/s of 6.7x10°¢ at this time point compared to the control
values 9.53x10°%. As with the previous cell lines, the control gradually increases over time while the
higher concentration drug treatments produce a consistently suppressed AA/s which were not
significantly different from each other. At T6 (6 hours) therate of reaction in controlsamples increased
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to 2.0x10°° while the 50, 100, and 250uM treatments showed AA/s of 7.78x10°%, 3.59x10°¢, and
5.84x107° demonstrating a reduction of nearly 10-fold from control levels.

The PSN-1 line differs from the over pancreatic line as the low 50uM treatment of Ag8 only
produced a significant rate reduction after 4 hours of exposure. At this point the PSN-1 sample had a
AA/s of 2.28x10% compared to the control sample of 4.16x10°%. While this result is shown to be
significant, the higher doses of 100uM and 250uM produced a more significant reduction of 4.05x10
% and 7.04x107°. As well as demonstrating the effect of Ag8 treatment on lactate production, Figure
3.3 also showed that lactate production in the untreated control groups of each cell line differed
substantially, indicating a variable cell-dependant release of lactate during cell growth without
treatment. The AA/s of the controls are 9.35x10°°° (HCT116 p53 positive), 6.23x10°% (HCT116 p53
negative), 2.0x107% (BxPc-3),and 4.16x107 (PSN-1), indicating that lactate production is highest in
wild-type p53-expressing HCT116 cells.
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Figure 3.3 Rate of reaction of media samples taken from A) HCT116 p53 positive (+/+) B) HCT116 p53
knock down (-/-) cell C) BxPc-3 D) PSN-1cell lines over time following exposure to Ag8 at a range of
concentrations (10puMe, 50uM=, 100uM 4, and 250uM €) compared to a negative control. Error bars
show Standard error of mean across biological triplicates (n=3). Significance difference to the control
is calculated by single tail paired T test where *=P<0.05 **=P<0.005.
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Figure 3.4 shows the effects HA197 treatment has on the A) HCT116 p53 positive (+/+) B)
HCT116 p53 knock down (-/-) cell C) BxPc-3 and D) PSN-1 cell lines. Overall, the data shows a dose-
and cell line-dependant responseto the novelsilver organometallic compound with the colorectal cell
lines only showing significant reduction in rate of reaction at high concentration and the pancreatic
lines being more sensitive at lower does. Across all cell lines, a significant response can be seen after
4 hours of exposure to 250uM of HA197 however the time it takes for this response to be seen is cell
dependant. The HCT116 p53 positive cellline, as shown in figure 3.4A, showed little responseto HA197
with only the 250uM treatment reducing the rate of reaction. A significant response from control
production s first seen after 3 hours of exposure where the sample AA/sfalls from the control value,
4.96x10°°,down to 3.02x10°°(p<0.05). HCT116 p53 negative cells also exhibited a response at 250uM
however this was also seen in shorter exposure times. After 1 hour of exposure to HA197, this cell line
had a AA/s of 1.4x10°°, which is a significant (p<0.05) reduction compared to the control sample at the
same time point. This level of significance is continued over the observation period and is then
increased after 4 hours to a significance of p<0.005 duetothe continued increase of the controlvalue
and suppression in the HA197-treated samples. While the 250uM sample increased its AA/s to
2.54x107° by the 4-hour mark, it is a significantly reduced increase compared to the increase to
6.23x107 of the control. Following 100puM treatment, a significant change can be seen after 1 hour of
exposure, howeverthis difference is lost after an additional hour of exposure. The 10uM samplealso
shows some significance however there remains an increase in rate of reaction implying continued
release of lactate.

The pancreatic cell lines have a different response to the novel silver organometallic
compound HA197 (Figures 3.4Cand D). In the BxPc-3 line a significant decrease in AA/s can be seen in
the 250uM sample from the first hour of observation. At the final time point this is reduced to a AA/s
of 6.49x10°®. The lower concentrations of HA197 have less consistent results. 100yM of HA917
produced a significant change in rate of reaction at the T1 and T3 points however at T2 and T4 the
results lose this significance. At T1 the AA/s is 5.89x10°°, this increases to 1.15x10°® after 4-hour
treatment. Following exposure to 50uM of HA197, there is a significant change in rate of reaction up
until 4 hours post exposure. At all other time points examined, no significant change from the control
was seen. The PSN-1 line shows a more consistent dose dependant response (Figure 3.4D). 250uM
produced a significant (p<0.05) change from 2 hours (1.30x107°°) after exposure and this difference
increased as time progressed, where a more significant (p<0.005) changein AA/s was observed after
3 (1.10x10°) and 4 (7.78x107°¢) hours of exposure. A treatment of 100yM produced a similar effect
but with a slightly smaller reduction in reaction rate. At the second hour this sample has a AA/s of
1.53x10°° and as time progressed, it increased further to 2.06x10°. The rate of reaction for 100uM
treatment remained above that of 250uM while still causing a significant decrease in lactate
production compared to the control samples. The lower HA197 concentration of 50uM also produces
a significant change after 2 and 3 hours of exposure before tapering off at the 4-hour mark. While
significant, these reaction rates, and hence lactate production, were higher than that of 100 yM and
250uM treatments, consistentwith a concentration-dependent suppression of lactate production with
HA197 treatment.
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Figure 3.4 Rate of reaction of media samples taken from A) HCT116 p53 positive (+/+) B) HCT116 p53
knock down (-/-) cell C) BxPc-3 D) PSN-1celllines over time following exposure to HA197 ata range of
concentrations (10pMe, 50uM=, 100uM 4, and 250uM @) compared to a negative control. Error bars
show Standard error of mean across biological triplicates (N=3). Significance difference to the control
is calculated by single tail paired T test where *=P<0.05 **=P<0.005.
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The effect of the novel silver organometallic compound HA266 on the rate of reaction in the
LDH activity assay is shownin figure 3.5. Overall, the data showed broad sensitivity to the compound,
with all cell lines examined showing a consistent and significant dose-dependent suppression of lactate
production. Across all cell lines a significant response was seen at HA266 concentrations of 50 yM and
above within 1 hour of exposure. Depending on the cell lines, 10uM of the compound also caused a
significant change. The HCT116 p53 positive cell line (Figure 3.5A) showed some significant (p<0.05)
changes from the first hour of exposure at the 50pM and 250pM concentrations wherethe AA/s were
1.84x10% and 1.22x10°° compared to the control value at 2.81x10%, After an additional hour these
concentrations result in a more significant (p<0.005) change from the control treatment. The 100puM
also produced a significance reduction in lactate release (p<0.05).

After an additional hour(T3) of exposure, the rate of reaction for all treated samples began to
plateau, remaining significantly lower than control treatments (p<0.05). By the final hour of
observation, the AA/s values were as follows; control = 9.35x10°%°, 10pyM =4.53x10°%(p<0.05), 50uM
= 3.80x1075(p<0.05), 100pM =2.79x1075 (p<0.05), 250pM =1.42x10"% (p<0.005). This data showed a
strong correlation between dose and response with all concentrations tested producing a significant
reductionin lactate release by the end of 4-hourtreatment period. A similar dose dependant response
is seen in the HCT116 p53 negative cell line (Figure3.5B). In this line HA266 produced a significant
decrease in AA/s following 1 hour of exposure at concentrations 50uM, 100uM, and 250uM. These
samples had a AA/s of 1.87x107°, 1.48x107°°, and 4.01x107°° compared to the control value which
increased by 3.33x107% between T1 and T4 compared to the novels, which only increased by a
maximum of 6.68x10¢ across this period This difference was significant (p<0.005) for each of these
three concentrations. However, 10uM treatmentdid not significantly alter rate of reaction compared to
the respective controls.

Both pancreatic cell lines, BxPc-3 (Figure 3.5C) and PSN-1 (Figure 3.5D), had similar responses
to treatment with HA266. Both cell lines produce a significant reduction in AA/s following exposure to
50uM, 100uM, and 250uM with limited change in the 10uM samples. In the BxPc-3 line, 10uM for
HA266 caused a significant decrease in AA/s at 1- and 2-hours post exposure which is then lost at the
later time points. The PSN-1 line differs here as it only started to show a significant change following 4
hours of exposure. The higher concentrations showed a more consistent and significant effect over the
whole 4-hour observation period, where 250 uM caused a significant reduction at all time points across
both cell lines. 100puM of HA266 also caused a significant reduction compared to the control after a
single hour of exposurein the BxPc-3 cell line, however this was not seen in PSN-1 cell until the 2-hour
time point. As with the previous concentration, 50puM of HA266 produced a significant reduction after
treatment at the T1 pointin the BxPc-3 line but not the PSN-1 line, which became significant at T2.
This potentially indicates increased sensitivity of the BxPc-3 cell line to the HA266 compound.
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Figure 3.5 Rate of reaction of media samples taken from A) HCT116 p53 positive (+/+) B) HCT116 p53
knock down (-/-) cell C) BxPc-3 D) PSN-1cell lines over time following exposure to HA266 at a range of
concentrations (10puMe, 50uM=, 100uM 4, and 250M @) compared to a negative control. Error bars
show Standard error of mean across biological triplicates (n=3). Significance difference to the control
is calculated by single tail paired T test where *=P<0.05 **=P<0.005.
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Figures 3.6 and 3.7 show the rate of reaction from media samples in a LDH activity assay
following the treatment of cells with known LDH inhibitors. This was carried out as controls to compare
againsttheintracellular inhibition of glycolysis and extracellular lactate release of the three novel silver
organometalliccompounds which were identified as glycolysis inhibitors of unknown mechanisms. The
LDH inhibitors silibinin (Figure 3.6) and sodium oxamate (Figure 3.7) were used to treat colorectal cells,
HCT116 p53 positive (A) and negative (B), and BxPc-3 (C) and PSN-1(D) pancreaticcelllines, , at arange
of concentrations (10pMe, 50uM=, 100uM 4, and 250uM®). The treated cell lines had a less
substantial effect on rate of reaction and lactate production than the novelsilver organometallic tested
previously (figures 3.3 —3.5) with severallines showing noinhibition following treatment. The HCT116
p53 positive cells had no significant response when treated with sodium oxamate, although silibinin
appeared to have a limited effect (figure3.7A). 4 hours post treatment with silibinin, minor changes in
AA/s were evident with all concentrations tested producing a significant (p<0.05) reduction in AA/s
compared to the control-treated sample. The AA/sobserved were 3.63x10°°t05.02x10°° below that
of the control treatment.

The HCT116 p53 negative cells showed only a single point of significant (p<0.05) difference to
the control when treated with silibinin at a concentration of 250 M. However, sodium oxamate
induced more noticeable changes in lactate production. 250 uM of this drug caused significant (p<0.05)
changes after 3 and 4 hours of exposure, where the AA/s were 4.80x107°° and 5.48x107°° compared to
the control values of 4.38x107° and 6.23x10°%. Surprisingly, this showed that at the T3 point the
treated sample had a higher rate of reaction compared to the control treatments but then fell below
control rates after the fourth hour. This fluctuation was seen throughout all the concentrations tested
where overall minimal substantial changes were observed in lactate release following silibinin
treatment.

The BxPc-3 pancreatic cell line had several points of significant change over the observation
period following treatment with silibinin and sodium oxamate. The high doses (250 uM) of each drug
caused significant decreases in the mean rate of reaction at several time points. Silibinin and sodium
oxamate at this concentration caused a decrease, compared to the control, after the initial hour of
exposure (silibinin:5.58x10%¢ and sodium oxamate:7.15x107°%) and then again after 4 hours
(Silibinin:1.35x10% and sodium oxamate:1.68x10°°) compared to control treatmentvalues 0f9.53x10%
and 9.53x10%. However, sodium oxamate alsocaused adrop in AA/s after 3 hours of exposure (1.39x10-
95), 100pM of silibinin was also shown to decrease AA/s at T1 (4.95x107°°), T3 (1.26x10°%), and T4
(1.4x10°%) compared to control values of 9.53x10%, 1.57x10%, and 2.0x10?°. No other concentration
of silibinin showed an effect. At T1, sodium oxamate decreased AA/s at 250pM (7.15x10°%), 100pM
(5.89x10°%) and 50uM (6.92x107°°) compared to control values of 9.53x107¢ (p<0.05). 50uM also
appeared to cause a decrease (p<0.005) at T2 (9.27x10°%) however after an additional hour (T3) it falls
back within control levels.

The PSN-1 cellline (Figures 3.6D and 3.7D) showed little evidence of inhibition caused by silibinin
and sodium oxamate. Silibinin had the most significantfluctuation, with someincreasein rate and some
decrease, from the control lactate production, with significant change at several time points across
various concentrations however, only at 250uM after 4 hours silibinin treatment was this a reduction,
where the control rate was 4.16x10°%® and the treated sample rate of reaction was 3.49x10°%. Sodium
oxamate only caused a significant decrease in reaction rate after 3-5 hours at 10uM treatment
concentrations (p<0.05).
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Figure 3.6 Rate of reaction of media samples taken from A) HCT116 p53 positive (+/+) B) HCT116 p53
knock down (-/-) cell C) BxPc-3 D) PSN-1cell lines overtime following exposure to silibinin at a range of
concentrations (10uMe, 50uM=, 100uM 4 , and 250uM @) compared to a negative control. Error bars
show standard error of the mean across biological triplicates (n=3). Significance difference to the
control is calculated by single tail paired T test where *=P<0.05 **=P<0.005.
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Figure 3.7 Rate of reaction of media samples taken from A) HCT116 p53 positive (+/+) B) HCT116 p53
knock down (-/-) cell C) BxPc-3 D) PSN-1cell lines over time following exposure to sodium oxamate at
a range of concentrations (10pMe, 50uM=, 100uM 4 , and 250uM ) compared to a negative control.
Error bars show Standard error of mean across biological triplicates. Significance difference to the
control is calculated by single tail paired T test where *=P<0.05 **=P<0.005.
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3.4. Conclusion

The lactate study has identified several key features. The most prominent being that the novel silver
organometallic compounds significantly reduced lactate production in a panel of cancer cells. A
significant change to enzyme activity in the lactate detection assay was observed at lower drug
concentrations than seen for the known glycolytic inhibitors, silibinin and sodium oxamate, indicating
a strong potential for clinical use. From the three novel Ag-NHCs evaluated, the Ag8 and HA266
inhibitors were the most potent at suppressing lactate release, followed by HA197, with HA266
demonstrating a linear dose-response profile. The impact of these compounds on cell growth was
investigated further.
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4. Novel silver organometallic compounds reduce
cancer cell viability.

4.1. Introduction to Cell Viability Assays

To investigate the chemotherapeutic effects of these novel compounds, cell viability assays were
carried out to assess their potential clinical value. The study quantifies the cell viability changes via a
resazurin reaction in colorectal and pancreatic cancer cell lines following exposure to the novel silver
organometallic compounds (Ag8, HA197, and HA266) and several comparative drugs (silibinin, sodium
oxamate, and cisplatin). The study also investigated the effects oof the various compounds on the cell
viability of a non-cancerous primary human cell line (pHFF) to assess the drugs selectivity towards
cancer cell lines.

Following this viability study, the novel compounds were assessed during co-treatment with
cisplatin as a form of combination therapy to determine if this approach provided a more favourable
outcome compared to cisplatin alone.

4.2. Cytotoxicity Studies

To investigate the cytotoxic effects of the novel silver complexes, a resazurin assay was performed on
various cell lines and cell viability determined after a 48-hour treatment. Both cancerous (pancreatic
and colorectal) and normal control cell lines were investigated to ascertain any increased sensitivity
and selectivity of the compounds towards cancer cell lines. In addition, silibinin and sodium oxamate
were again included as controls due to their role as known LDH inhibitors. Cisplatin was also included
as a control organometallic chemotherapeutic.

Figure 4.1 shows the survival of cells following 48-hour exposure to variable concentrations of
both novel silver organometallic compounds (Ag8, HA197, and HA266) and several controls. The
controls include a chemotherapeutic control (cisplatin) and two LDH inhibitors (sodium oxamate and
silibinin). Cell viability was measured via a resazurin assay and displayed as a percent survival
compared to a negative control treatment. Across all cell lines, the LDH inhibitor sodium oxamate
showed no cell death across all tested concentrations with all values being 2100% of the control values.
All other drugs show dose-dependent cell death/reduced cell viability.

Figure 4.1A shows the viability of HCT116 p53 positive (+/+) cells after treatment. The data
showed that at the lowest concentration tested (50uM) all silver organometallic compounds and
silibinin caused some cell death. Cell survival observed at 50uM were: Ag8 (15.77%),HA197 (86.76%),
HA266 (63.07%), and silibinin (61.74%). Cell survival decreased in a non-linear pattern as concentration
increases. At 250uM Cisplatin also causes significant cell death with a cell survivalof 36.02%. Table 4.1
shows the IC50 of these drugs calculated from the cell survival. Ag8 has the lowest IC50 of 44.8uM
followed by HA266 (110.8uM), HA197 (128.8uM), silibinin (150.5uM), and then cisplatin (226.0uM).

Figure 4.1B shows the viability of HCT116 p53 knock down (-/-) cells after treatment. Similar
to the P53 positive ling, this cell line showed a reduction in cell survival following treatment with all
silver organometallic compounds at 50uM (Between 42.16% and 91.35% survival) as well as silibinin
(81.27% survival) and cisplatin only causing significant cell death (46.48%survival) at 250 uM. The ICs

values of these compounds (Table 4.1) were as follows: Ag8 94.8uM, HA197 119.2uM, HA266, HA197
104.7uM, cisplatin 277.7uM, and silibinin 173.6uM.

BxPc-3 exhibited limited cell death at 50uM (Figure 4.1C). Treatment with Ag8 reduced cell
viability to 24.88% with silibinin only reducing cell viability to 85% of control treatment values. No other
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investigated compounds caused cell death at this concentration. At 100uM HA266 showed significant
cell death, with 31.27% cell survival observed, whereas HA197 only marginally reduced cell survival to
84.34%. At250puMall drugs, exceptfor sodium oxamate, caused cell death with the silver organometallic
compounds causingnear complete cell death with a cellsurvival between 4.74% and 5.08%. Silibinin and
cisplatin supported slightly higher cell survival of 20.92% and 28.66% respectively. The ICsos of the
compounds in BxPc-3 cells ranged from 45.9uM to 207.6uM with the silver organometallic compounds
having the lowest ICso values.

Thedataplotted in Figure 4.1D showsthe cell survival of HFF, anon-cancerous cell line, following
treatment. Similar to the pancreatic cell line, pHFF only showed a reduced cell survival following
treatment with two of the three silver organometallic compounds at 50uM: Ag8 (10.13%) and HA266
(58.06%).At100pMbothHA197 andcisplatin started showing areduction in cell survival, which became
more significant at 250uM where minimal cell survival was observed of 10.88% and 38.53%.

Forallcell lines, ICso values of the drugs is shown in table 4.1. Overall, Ag8 had the lowestIC50
across all celllines with an average IC50 of53.75puM. This was followed by HA197 (89.75uM) and HA266
(107pM). The control compounds silibinin and cisplatin hadthe highest average |Cso values of at 233.5uM
and 188.5uM. This data supports exploring Ag8 further as a potential anti-cancer chemotherapeutic.
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Figure 4.1 Cell survival of A) HCT116 p53 positive (+/+) B) HCT116 p53 knock down (-/-) cell C) BxPc-3
D) HFF-1cell lines following 48 hours exposure to Ag8, HA197, HA266, silibinin, sodium (Na) oxamate,
and cisplatin at a range of concentrations (50uM, 100uM, and 250uM) relative to a negative control.
Error bars show standard error of across mean from 3 independent replicates (n=3) forall butthe HFF-
1 cell line which was a single biological sample (n=1).
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Table 4.1: IC50 of investigated compounds which showed cytotoxic properties (Ag8, HA197, HA266,
cisplatin, and silibinin) on a set of cell lines (HCT116 p53 positive (+/+), HCT116 p53 knock down (-/-),
BxPc-3, and HFF-1). The linear equation for the line of best fit, used to calculate the ICs,, and the
calculated ICsq values are displayed for each cell line and drug combination.

Drug/Cell line Cytotoxicity-Trendline:
Y=MX+C

Ag8
HCT116 p53 positive (+/+) Y=0.2456x + 38.997 44.80049
HCT116 p53 knock down (-/-) Y=0.2395x + 27.286 94.83925
BxPc-3 Y=0.301x + 3618 45.89369
HFF-1 Y=0.2580x + 41.68 32.1732
HA197
HCT116 p53 positive (+/+) Y=0.3577x + 3.9284 128.7996
HCT116 p53 knock down (-/-) Y=0.3679x + 6.1289 119.2473
BxPc-3 Y=0.4074x + 13.204 90.3191
HFF-1 Y=0.401x — 9.0033 22.4521
HA266
HCT116 p53 positive (+/+) Y=0.3225x + 14.256 110.8341
HCT116 p53 knock down (-/-) Y=0.3021x + 18.37 104.7004
BxPc-3 Y=0.4101x — 0.6578 123.5255
HFF-1 Y=0.3014x + 22.51 91.2077
Cisplatin
HCT116 p53 positive (+/+) Y=0.2879x — 15.059 2259778
HCT116 p53 knock down (-/-) Y=0.347x — 18.586 277.6761
BxPc-3 Y=0.3171x — 15.815 207.5528
HFF-1 Y=0.2957x — 16.26 225316
Silibinin
HCT116 p53 positive (+/+) Y=0.2379x + 14.204 150.466
HCT116 p53 knock down (-/-) Y=0.2478x + 6.9907 173.5646
BxPc-3 Y=0.3177x + 8.0146 132.1542
HFF-1 Y=0.255x — 17.299 299.107
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4.3. Chemosensitivity Studies

The use of the novel silver organometallic compounds as unique chemotherapeutics was investigated
as single agents in the cytotoxicity studies, however there is also potential for their use in combination
treatments. Next, the change in chemosensitivity of cisplatin was determined across a range of
concentrations (10uM, 50uM, 100uM, and 250uM), following the addition of a single concentration of
each novel silver organometallic compound (Ag8, HA197, or HA266). The concentration of the novel
Ag-NHC compounds selected for use in combination with cisplatin was selected as the concentration
which showed the least cytotoxic response as a monotherapy. These concentrations were well below
the IG5, values calculated from figure 4.1.

As seen in Figure 4.2, each cell line examined showed a concentration-dependent in
chemosensitivity to cisplatin. Cell viability below the relative control value (expressed as 100%)
indicated an increase in cell death caused by the co-treatment of cisplatin with the specified silver
organometallic compound. Across all cell lines, Ag8 showed the most substantial effect in all but one
treatment combination (10uM cisplatin in BxPc-3 cells). Figure 4.2A shows the change in
chemosensitivity of the HCT116 p53 positive cell line. Ag8 in combination treatment with 10uM of Ag8
reduced cell viability from 88-94% when cisplatin concentration was above 50uM and a 49% reduction
at 10uM treatment. This response was also evident in HCT116 p53 negative (Figure 4.2B) and PSN-1
(Figure 4.2D) cells. The PSN-1 cell line appeared particularly sensitive to combination therapy, where
cell viability was not seen above 5.2% at any of the cisplatin concentrations tested, consistent with
chemosensitisation provided by Ag-NHCs. Inthe HCT116 -/- cell line, viability decreased below 40% of
the respective cisplatin-only treatment values. At the higher concentrations of cisplatin (50-250uM),
there was a strong potentiation effect with cell viability reducing to 9.7%, 8.1%, and 12.4% of
monotherapy values, respectively.

Both HA197 and HA266 had a more limited effect on the colorectal and pancreatic cell lines
examined. HA197 only produced a significant increase in chemosensitivity (reductionin cell viability)
within the PSN-1 pancreatic cancer line. At 10uM of cisplatin a cell viability of only 19.7% of the
cisplatin alone viability was seen, with the response more prominent at higher doses of cisplatin. For
example, theviability dropped toonly 4.6% at 50uM, where it remained across the 50-250uM cisplatin
concentration range tested. In the same cell line, HA266 also produced a significant change but only
at the higher cisplatin concentrations, where 100uM saw cell viability drop to 50.3% of cisplatin-only
values and 250uM produced a decrease of 96.3% (i.e., almost complete non-viable cells remaining).
These changes were highly significant achieving P<0.05 and P<0.005, respectively. The effects of HA197
and HA266 appeared less dose-dependent in the colorectal cell lines. HA197 produced a significant
change in the HCT166 positive line viability at 10uM and 100uM of cisplatin whereas HA266 only
showed significance at 10puM and 50uM on the HCT116 negative cell line. This difference may indicate
a p53-dependantresponse to co-treatment. Similarly, the PSN-1 cell line, which has a loss of only one
p53 allele, also showed an improved response to this treatment. In contrast, figure 4.2C also shows
that despite some changes observed in cell viability, no significant difference in chemosensitivity to
cisplatin was seen upon co-treatment with any Ag-NHC within the BxPc-3 cell line.
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Figure 4.2 Cell viability represented as the % of a cisplatin-only control where A) HCT116 p53 positive
(+/+) B) HCT116 p53 knock down (-/-) cell C) BxPc-3 D) PSN-1 cell lines are exposed to a 48 hours co-
treatment of Ag8 (10uM),HA266(10uM),or HA197 (50uM) with cisplatin at a range of concentrations
(10pM, 50uM, 100uM, and 250uM) and the control of cisplatin only at the same concentration. Error
bars show the standard error of triplicate biological replicates (n=3). The columns show the mean
viability of biological triplicate data of cisplatin in combination with Ag8 (white), HA197 (dashed), and
HA266 (grey). Significant difference to the single-treatment cisplatin control values were calculated by

performing a single tail paired T test where *=P<0.05 **=P<0.005.
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4.4. Conclusion

This study has shown that the novel compounds investigated produced a significant decrease in cell
viability in all cell lines over the concentrations tested, with cells appearing most sensitive to Ag8. The
study demonstrated that the comparative established glycolytic inhibitors had a far smaller effect on
cell line viability than the novel Ag-NHC compounds. The study also established that the cellular
responses to the well-characterised chemotherapeutic cisplatin were greatly enhanced by co-
treatment with the novel compounds. However, this finding should be viewed with caution dueto the
reduced cellular sensitivity (ICso) observed for cisplatin alone compared to previously reported
concentrations.

The co-treatment study indicates that for cisplatin treatment, the addition of these novel
compounds, particularly Ag8 as a sensitising compound may improve clinical outcomes compared to
treatment with cisplatin alone. The results also demonstrated that the novel compounds HA197 and
HA266, showed greater impact on the cell lines with p53 loss of function. This suggests these
compounds could be explored for clinical benefit in cancers where p53 is mutated, suppressed or lost.
However, the cellular response of pHFF cells to the compounds, where they were generally more
sensitive (lower IC50 values) than the cancer cells, may limit the clinical utility of the compounds in
their current form and further investigation is warranted.
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5.Discussion

5.1 Inhibition of lactate release by novel organometallic compounds

5.1.1 Optimisation of LDH activity/lactate assay

Determination of sample size

The LDH activity assay used in this study to determine cellular lactate release was a variation of the
method published by Seidemann (1973) and then later adapted by Hass et al., (2024). The optimisation
of this assay for this study identified several features in the method that needed to be adapted which
have been investigated in figure 3.1. The determination of an optimised sample volume was carried
out via spectrophotometry of assays with variable volumes of a 10mM lactate stock. The data
identified two key features. The first, within the volume range recommended in previous studies; as
sample volume increases the recorded rate of reaction at 340nm decreases. This is seen in both the
PBS-based control and DMEM-based media samples. The likely cause of this is that the reactants in
the assay buffer are a rate limiting factor at this concentration meaning that a relative reduction in the
buffer reagents (specifically LDH and NAD") leads to a reduced rate of reaction when larger sample
volumes and smaller reactant (assay) volumes are added. As such, one of the lower concentration
volumes was chosen to be used in further investigations. 20 yLwas chosen as a significant change was
not seen between it and the lower volumes tested. This enabled a high rate of reaction to be
generated, while still including sufficient sample to provide a representative result for the lactate
within the entire culture media volume. Secondly, this investigation showed a significant (p<0.005)
change between the control solvent and the media solvent.

Serum interference

To further investigate the effect of the sample solvent, a study was carried out comparing the
absorbance of samples at a range of lactate concentrations prepared in different solvents (PBS, DMEM,
and DMEM with FBS) after 1 hour of reaction. The data shows a significant increase in absorbance
caused by the addition of FBS to DMEM when compared to the DMEM alone and PBS control samples.
This effect is most prominent at lower concentrations of lactate as seen in figure 3.1B. The samples
containing FBS exhibited a base level of absorbance which indicated a strong background signal from
the serum, interfering with the assay’s sensitivity. At 16mM this sample had an absorbance at 340nm
of 1.5. Asthe concentration decreased, this valuefell to 1.4 at 0.5mM within the FBS-containing DMEM
samples, compared to the larger changes seen in the samples without FBS, which fell from 1 to 0.3 at
the same concentration range, consistent with the changes observed within the PBS controls. Also of
note, is that FBS contains LDH at a substantial concentration. ThermoFisher Scientific and MP
Biomedicals FBS contains 556 IU/L of LDH. This LDH in the sample derived from FBS will increase the
overall concentration within the assay and potentially altering the rate of reaction to reduce the
sensitivity and accuracy of the assay (Thomas et al., 2015; Nonnis et al., 2016).

Sample stability

The stability of the lactate within the media samples used in this study was determined as this would
impact the scale at which replicates could be gathered. Due to the long run time of the assay, a limited
number of runs could be carried outin a single day. However, if samples displayed a high stability, then
biological replicates could be taken on one day but assayed on later days. This would mean less
limitations in the scale of testing which was otherwise limited by the growth rate of cells in culture. To
investigate this possibility, technical replicates of a samples were taken and tested on different days;
the day the sample was taken, the following day, and the fourth day post-collection. Samples were
taken from cells following a media change and every subsequent 2 hours for a total of 6 hours. Samples
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werestored in 3-10°C fridges to reduce degradation. The data showed a significant (p<0.005) reduction
in the rate of reaction from sample day to 1 day storage post-collection as shown in figure 3.1C. This
fall indicates significant degradation of the sample over time, implying that short-term sample storage
at 4°C was not an option. Consequently, all testing was done on the day of sample collection.

Lactate is generally considered stablein cool conditions; however, itis possible that other components
in the extracellular media could have degraded affecting the stability of the lactate. It is also possible
thatthe trace LDH in the sample, released via damageto cell membranes (Kumar, Nagarajanand Uchil,
2018) caused the lactate to be converted to pyruvate while in storage leading to a reduced lactate
concentration. In this study, freezing and thawing the samples was not investigated due to concerns of
degradation caused by the thawing process. However, this could be examined in future studies, as
lactate has been shown previously to be stable for several freeze-thaw cycles in media supernatant
(Grist et al., 2018).

Optimisation of run time

In determining the rate of reaction of samples taken, the change in absorbance over time must be
measured. To do this consistently throughout thelength of the study a set time must be used. This was
investigated in figure 3.1D in which the rate of reaction of several samples of known lactate
concentration were tested and the rate of reaction calculated from different data from different assay
times. The data showed that while the shorter time period produced the greatest rate of reaction, the
longer tests produced results that established a more linear relationship between the rate of reaction
and the concentration of lactate with the samples. The linearity of this study is key in maintaining
accuracy at which lactate concentrations can be determined based on the rate of reaction. Therefore,
a longer timed assay of 1 hour was selected for all subsequent reactions (Kaja et al., 2015).

5.1.2 Lactate release study

Mono layer vs high density suspension

To investigate the effect that the novel compounds have on extracellular lactate release, the developed
LDH activity assay has been utilised. This assay quantifies the rate of production of NADH from the
conversion of lactate to pyruvatein the presence of LDH as a measure of initial lactate content within
extracellular media. Samples were taken at hourly timeintervals following exposure to drugs at arange
of concentrations. The rate of reaction at each time point was compared to a respective negative
control (untreated or solvent-only treated cell media samples) to identify any change over time caused
by drug exposure. In this study two methods for sample collection were investigated. Initially,
monolayer cultures were used to procure the media samples during the testing. It was later decided
to move toward a high-density model that did not allow for a monolayer to form. This allowed for a
greater number for cells to be present in a similar media volume which improved consistency in the
data generated, enhanced throughput, and improved repeatability. As growth of cancer cells is
deregulated, the rate of proliferation and the glycolytic demand can be irregular leading to significant
fluctuationsin lactate production over time (Heiden, Cantley and Thompson, 2009; Burns etal., 2021).
By increasing the cell count, and scaling down the culture size (i.e., moving from a 6-well to 96-well
format), the sample size was effectively increased allowing for a more representative mean. The
monolayer culture also had the substantial drawback of limited cellular metabolism at high confluence
reducing lactate production at high cell confluence because of altered growth rate and contact-
dependent inhibition (Gal et al., 1981).
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Reference inhibitors

The reference inhibitors used in this study, silibinin and sodium oxamate, were selected due to their
glycolytic inhibiting properties. Due to the precise mechanisms of the novel compounds being
unknown, compounds affecting different aspects of cellular lactate production where selected. In this
study, both these compounds underperformed in comparison to the novel silver organometallic
compounds. Although both compounds have been shown to reduce to reduce cellular lactate
production and LDH activity in previous studies using both pancreatic and colorectal cell lines
(Colturatoetal., 2012; Awasthietal.,2019; Baiet al.,2022; Malviet al., 2022), this was not replicated
in this study.

There are several possibilities for this finding. Firstly, there has not been awide range of studies
using these compounds in this culture model and therefore it is possible that their enzyme inhibition
is ineffective within this high-density suspension (Gal et al., 1981). Additionally, the concentrations
used in this study were based on the appropriate dosage for the novel silver organometallic
compounds. While studies have used similar inhibitor concentrations and demonstrated significant
inhibition, it may be that in this model a higher dosage is needed to obtain similar results (Colturato
et al., 2012; Awasthi et al., 2019). This was not investigated in this study as the aim was simply to
compare their efficacy at the same concentration as the novel compounds. Regardless, this study has
shown that the novel silver organometallic compounds consistently and significantly reduced
extracellular lactate in the colorectal and pancreatic cell lines examined.

p53-dependent effects

Both wild type HCT116 and a p53 knock down cell line were investigated in this study. This allowed any
p53 dependency of treatment responses to the novel silver organometallic compounds to be
identified. This study has shown that the p53 negative cell line had greater variation from the control
following treatment compared to the wildtype cell line. As a p53 allele has been lost in this mutated
version, greater metabolic dysregulation is to be expected (Marbaniang and Kma, 2018).Itis therefore
possible thatinhibition of metabolism had a greater impact within the p53 positive cell line, which has
less severe glycolytic dysregulation caused by the p53 gene (Han et al., 2015; Yeung et al., 2019).
Similar data has been seen in previous studiesin which LDH-A was inhibited and lactate accumulation
in the medium was reduced. In this LDH-A inhibition study, HCT116 p53-/- had a greater fold change
in NADH/NAD+ ratio compared to the p53+/+ cell line following treatment (Allison et al., 2014).

Pancreatic vs colorectal cell lines

Overall, the novel silver organometallic compounds inhibited lactate release in all the cell lines tested,
however the dose and time point at which this was achieved varied. The most consistent trend was
that the compounds inhibited lactate release at a lower Ag-NHC concentration in the pancreatic cell
line than in the colorectal cell lines.

A possible cause of this decreased sensitivity of the colorectal cell lines is the cancers more
robust antioxidant systems. As a key element of silver-based (indeed most organometallic-based)
treatments is the promotion of ROS, where an overactive antioxidant system would support the
cancers survival and limit inhibition (Narayanaet al., 2024). A previous study investigated the change
in antioxidant enzyme activity following treatment with capsaicin and showed that colorectal lines had
a significant increase in the activity of superoxide dismutase enzyme, with the greatest observed
increase in the HCT116 line specifically (Hormozi and Baharvand, 2025). This increase in antioxidant
response has been identified as a compensatory defence system seen in cells with increased oxidative
stress markers (Sulaiman et al., 2025).
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Another potential cause of this difference in sensitivity between cancer types is membrane
receptor expression which alters the cells uptake of a given compound (Barbalinardo et al., 2025).
Pancreatic cell lines have been shown to have an increased transferrin receptor expression which has
been shown to support ROS production in PDAC cells (Jeong, Hwang and Seong, 2016).

5.1.3 Conclusion

The investigated lactate studies have shown that the novel Ag-NHCs have some potential as glycolytic
inhibitors in both pancreatic and colorectal cancers, particularly in p53-compromised cell lines. The
study has shown that concentrations as low as 10 uM of the compounds produce a significant decrease
in the rate of reaction indicating a reduction in extracellular lactate release. The variance in results
obtained by the different silver compoundsindicates the influence of the compound structures (Table
1.1) in regulating the uptake, retention, and cellular sensitivity of the silver compounds and their
intracellular mechanisms of action. One such structurally significant factor may be the inclusion of
hydroxylgroups onthe compound structures. Ag8has no hydroxyl subunit, HA197 has a single hydroxyl
group, and HA266 has two. This structural subunit has been identified as changing a compounds
membrane permeability (Nakamuraetal., 2018).To investigate this further, it will be critical to analyse
other markers of glycolytic activity and cellular proliferation for an impact on lactate release following
Ag-NHCtreatment. Cellular glucose and oxygen consumption processes would be likely candidates for
further study. Furthermore, the effect of Ag-NHC compounds on cell viability and proliferation will be
explored below.
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5.2 Novel silver organometallic compounds reduce
cancer cell viability

5.2.1 Cytotoxicity study

Summary of findings

Investigation of the novelsilver organometallic compounds efficacy in the reduction of cancer
cell viability was carried outvia a resazurin assay. Cell viability was determined following cell exposure
tothe novel compounds or relevant controls for 48 hours. The data clearly showed that the novel silver
organometallic compounds investigated all caused a reduction in cell viability following 48 hours
exposure in all cell lines investigated. The ICso values of the novel silver organometallic compounds
were lower than all control drugs investigated, with Ag8 having the lowest half-maximal inhibitory
concentration across all cell lines investigated (as seen in table 4.1). Of the three known compounds
investigated, sodium oxamate was the only one to show no reduction in the viability of the investigated
cell lines. This compound has been shown to be a competitive LDH-A inhibitor which leads to the
suppression of cell viability and energy metabolism in nasopharyngeal, breast, and hepatocellular
cancer (Fiume etal., 2010; Zhaietal., 2013). However, the ICs, values of sodium oxamatein CNE-1 and
CNE-2 human nasopharyngeal carcinoma cells were reported as 3.6 and 4.8 mM (Altinozand Ozpinar,
2022), aconcentration far greater than that of this study. Overall, this data is supportive of the novel
silver organometallic compounds having anincreased efficacy compared to several currently accepted
inhibitors of glycolysis.

Silibinin, another widely accepted glycolysis inhibitor, was also investigated. Previously, it has
been shown to cause a reduction in cell viability of several tumourtypes including hepatic, pancreatic,
and colorectal cancer. This is consistent with the findings of this study, wheresilibinin produced similar
ICsq values in related cell lines (Raina et al., 2015; Shukla etal., 2015; VakiliZahir et al., 2018). Silibinin
functions as a non-specific enzymeinhibitor, affecting key glycolytic enzymes such as hexokinase Il, 6-
phosphofructokinases, and pyruvate kinase (Igbal et al., 2021).

Cisplatin, a widely used chemotherapeutic was also compared in this study. Cisplatin binds to
DNA forming a monoadduct resulting in the inhibition of replication and transcription, impairing the
cell cycle andinducing cell death (Belmonte-Fernandez et al.,2022). Cisplatinis known to have a low
IC5o in most cancers, including the BxPc-3 cell line, where it was reported to have an IC50 of
5.96%2.32uM(Muscellaetal., 2024), which is significantly lower than the 207.55 M seen in this study.
One reason for the high IC5, seen in this study, could be dueto cisplatin interaction with DMSO, which
was used as the solvent to resuspend the drug in. Cisplatin can bind with DMSO to form a DMSO
adduct, where the resulting compound has been shown to have a reduced affinity to DNA in vitro,
reducing its efficacy in causing cell death (Fischer et al.,, 2008; Raghavan, Cheriyamundath and
Madassery, 2015).

Colorectal vs pancreatic sensitivity

This study explored the impact of these drugs on both pancreatic and colorectal cell lines. Due to the
varied nature of these cells, having different source tissues, genetic mutations, and development
processes, the cell lines were shown to have different sensitivities to the treatments. Here, the
pancreatic cell line BcPc-3 was the most sensitive to Ag8 and HA197, but not HA266, displaying their
lowest 1Cso values in this cell line. This suggests that these novel glycolytic and lactate inhibiting
compounds are more efficient at causing cell death against BxPc-3 specifically.
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BxPc-3 cells have a unique genetic makeup compared to most other pancreatic cell lines, as it
contains a wildtype KRAS gene and not a more commonly occurring mutated form, such as G12C or
G12D mutation. This unmutated gene variant is relatively unique to BxPc-3 cells compared to other
pancreatic cells lines and other cancers, such as the colorectal cancer cell line, HCT116 (Metildi et al.,
2013). The KRAS gene productis the signalling protein K-ras, which plays a major role in the mitogen-
activated protein kinase (MAPK) pathway. This signalling cascade uses an activated from of the Ras
protein, following extracellular signalling, to activate Raf which is then used in a phosphorylation
cascade to activate MEK and then the MAPK, ERK1/2, which subsequently translocates to the nucleus
and activates transcription factors controlling cellular proliferation (Bonni et al., 1999; Bahar, Kim and
Kim, 2023). Mutations inthe KRAS oncogene dysregulate this process often resulting in overactivation
of the cascade, leading to rapid uncontrolled proliferation and enhancement of cellular survival (De
Roock et al., 2010).

As mentioned above, the colorectal cell line HCT116 investigated in this study, has a mutation
in its KRAS gene - the G13D (c.38D>A) mutation (Alves et al., 2015). Studied have shown that this
mutation leads to increased proliferation with only partial sensitivity to investigated
chemotherapeutics, such as cetuximab, noted in the study by De Roock et al. (2010). From this it could
be assumed that this dysregulation may contribute to the reduced sensitivity of HCT166 cells to the
novel silver organometallic compounds Ag8 and HA197 shownin this study. As this reduced sensitivity
cannot be seen in the HA266 cell lines, it is possible that this compound is able to avoid this KRAS
gained resistance though a mechanism that likely involves the MAPK pathway.

P53 sensitivity

Two variants of the colorectal carcinoma HCT116 cell line were investigated in this study in which the
p53 gene was either wildtype (p53 positive) or a truncated version (p53 negative). This difference in
p53 status enabled the impact of p53 expression and functionality to be assessed on the therapeutic
potential of the novel compounds. The p53 protein is a critical component in cancer developmentas
it is a key tumour suppressor gene responding to DNA damage to promote cell cycle arrest or
apoptosis. It has awide variety of functional mechanisms which allow it to carry out this role, including
as a transcriptional transactivator and regulator of mitochondrial function. In glycolysis, p53 is capable
to both inhibit and promote the process depending on cellular need. In cancer, when functioning
properly, p53 can downregulate glycolysis and promote oxidative phosphorylation acting against the
Warburg effect preventing the rapid production of ATP as seen in cancer (Zhang, Qin and Wang, 2010b;
Puzio-Kuter, 2011; Liang, Liu and Feng, 2013).

The down regulation of glycolysis caused by functional p53 genes in cancer allows cells to
resist/limit the effect of the deregulated metabolism hallmark mechanism. This “head start” in
inhibiting glycolysis supports the findings of this study, where p53 positive cell lines were generally
more sensitive to several drug treatments (Figures 3.3 t0 3.7).Ag8, cisplatin, and silibinin all have lower
ICsosin the p53 positive cell lines with Ag8 having the most significant change with a 52.7% reduction
of IC50in the positive line compared to the p53 negative variant. In each case, both the drugs and the
p53 mechanisms appear to be workingin tandem to provide a more substantial decrease in viability.
However, the novelHA197 and HA266 compounds did not fitinto this trend. Following treatment with
these compounds the p53 knockdown cell lines had the lower ICs,, although this change was smaller
than most other compounds. This suggests that the activity of these compounds may be less p53-
dependant, and the drugs may function more effectively in tumours where p53 gene is inactivated or
mutated.
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Cancerous vs non-cancerous sensitivity

In this study, the cell viability of HFF-1 cells following treatment was also investigated. These cells were
used to compare the sensitivity of cancerous and non-cancerous cells to the novel compounds. This
data showed significant cell death in the non-cancerous cell line caused by the novel compounds. This
high sensitivity can be seen in the calculated 1C50 valuesin table 3.1 where Ag8 had a ICs, 0f 32.17uM,
HA197 had 22.45uM, and HA266 was 91.21uM. In contrast pHFF-1 were less sensitive to the
comparative compounds, cisplatin and silibinin, which are an established chemotherapeutic and
glycolysis inhibitor, respectively. This high sensitivity of the HFF-1 cell line indicated a poor selective
toxicity in which normalcells would likely be damaged alongside, or at a faster rate, than the expected
target cancer cells (Berrouet et al., 2020; Gonzalez-Larrazaet al., 2020). Improving the cell selectivity
orenhancingthe targeting of the novel Ag-NHCs to tumours (i.e., through encapsulation or conjugation
to antibodies) will be required to translate the compounds into the clinic.

5.2.2 Chemosensitivity study

Summary of findings

This study showed the change in cell viability of the colorectal cell lines, HCT116 +/+ and -/-, and the
pancreatic cell lines, PSN-1 and BxPc-3, following co-treatment with cisplatin at a range of
concentrations (10-250uM) in combination with each novel silver organometallic compound; Ag8
(10uMm), HA197 (50uM), and HA266 (10uM). The study aimed to investigate the potential clinical
benefits of combining a DNA damage-inducing chemotherapeutic, cisplatin, with a glycolytic
interfering compound. By simultaneously targeting these different proliferation and survival pathways,
a reduction in the chemotherapeutic resistance due to upregulation of anaerobic glycolysis (i.e., the
Warburg effect) may be mitigated. The concentration of the novel silver compounds was selected as
the concentration at which they caused minimal cell death as a monotherapy (see figure 4.1). This
allowed any observed increase in cytotoxicity when combined with cisplatin, compared to cisplatin
alone, to be attributed to an enhancement of cisplatin’s activity, rather than independent effects of
the individual silver compound.

The main trend observed was as the concentration of cisplatin increased, the adjuvant co-
treatment produced a greater decrease in cell viability compared to cisplatin monotherapy.

e Ag8 provedto be the most effective adjunct, notablyin HCT116 (both p53+and p53-) and PSN-1
cells. In HCT116 p53+ cells, the inclusion of Ag8 caused a reduction in cell viability by 49% when
co-administered with 10uM cisplatin, with further decreases to below 13% of the control observed
at higher concentrations. The HCT116 p53-/- cell line followed a similar trend, but with an even
greater change at 10uM cisplatin, were a decrease from the control of 61.4% was evident. PSN-1
cells showed exceptional sensitivity, maintaining viability below 5.2% of the control, across all
cisplatin doses when co-treated with Ag8.

e HA197 showed significant but selective enhancement, primarily in PSN-1 cells. It lowered cell
viability to 19.7% at 10uM cisplatin co-treatment and 4.6% at 50uM cisplatin, with minimal further
decreases in viability observed at higher doses — primarily due to most cells having died (<5%
viability). This suggests that a lower dose of cisplatin could be used and should be investigated in
further studies.

e HA266 had more modest effects at lower concentrations of cisplatin, showing statistically
significant differences in PSN-1 viability in the co-treatments only at 100uM and 250uM cisplatin
concentrations, with reductions in cell viability of 50.3% and 96.3%, respectively. Interestingly,
BxPc-3 cells exhibited minimal response to any combination, underscoring cell-type variability.
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Overall, these findings support Ag8 as a strong candidate for use as an adjunct to
chemotherapy, whileHA197 and HA266 may offer selective benefits dependent on tumour profile and
p53 status.

Significance of data

The statistical analysis used in this study was a single-tailed paired T test to identify if the co-treatment
arm showed a significant change compared to cisplatin on its own. Some data in which had a visibly
large difference in mean viability, did not reach significance of p<0.05, which makes it harder to say
with confidence what trends can be identified from this study. This is most likely due to the small
sample size of the study with only triplicate data being obtained. A larger sample size may help to
improve the reproducibility and reliability of the data, reduce the variance impact, and enable
significance to be determined with greater confidence.

PSN-1 KRAS mutation

Within this study, the PSN-1 cell line was shown to be the most sensitive to the co-treatment, exhibiting
the greatest changein cell viability from the cisplatin only and negative controltreatments across most
inhibitor combinations and cisplatin concentrations. PSN-1 is a pancreatic cell line with a key
characteristic of having a loss of function p53 allele, with a K132R point mutation in the remaining
allele (Hobbsetal., 2019; Makietal., 2025). The significance of this beingin p53’srolein the regulation
of cellular proliferation. When one allele is lost and the only remaining gene has been mutated, such
as in PSN-1, it significantly limits the cells' ability to regulate growth leading to rapid proliferation
increasing the cellular energy demand and thus increasing cellular lactate release from glycolysis. In
contrastto the BxPc-3 pancreatic cell line, the PSN-1 line also has the G12R KRAS mutation, whereas
the BxPc-3 cell line is wild-type for KRAS. The KRAS mutation seen in the PSN-1 cell line is often
attributed to increased cell survival due to its role in driving uncontrolled cell proliferation (Zhang et
al., 2023).Thisincrease in cell proliferation requires an increased rate of energy productionin cancer
cells often caused by an increase in anaerobic glycolysis (Ying et al., 2012). It can be assumed that the
role of the novelsilver organometallics as an inhibitor/limiter of this process assists in the co-treatment
of this cell lines, where it limits the cells growth rate. This may reduce the resistance to cell death and
increase the chemosensitivity to cisplatin.

p53 dependency

When comparing the data within each cancer type, it becomes clear that for each cancer, the cell lines
with the greatest inhibition of the p53 gene were the most sensitive to the treatments performed in
this study. This is the HCT116 -/- cell line which expresses a substantially truncated, functionally
inactive, p53 gene, and the PSN-1 cell line which hasa loss of a p53 allele and a mutationin the other
rendering itinactive (Rivlin etal., 2011; Dsouza, Jain and Khattar, 2024). Due to p53’skey rolein tumour
suppression, the loss of p53 functionality will often increase a cancers survival. However, in this study
we have shown an increase in the sensitivity of these normally resistant cells to cisplatin with co-
treatment (Lew et al., 2023; Miciak et al., 2025). This data suggests that treatment of novel silver
glycolytic inhibitor compounds improves the chemotherapeutic potential of cisplatin against p53
mutated cancer cell lines which would otherwise have an increased chance of resistance. This data
supportstheearlier findings from the single drug cell viability studies (figures 3.3 to0 3.7), that the novel
Ag-NHC compounds tended to have a greater effect on the cell lines with inactive p53, and thus may
be beneficial in clinical settings where the p53 pathway is inactivated in many human cancers.

Ag8 in cisplatin co-treatment

Throughout this study, the co-treatment of cisplatin with the silver organometallic compound Ag8
outperformed all other drug combinations at all but one cisplatin concentration (10 uM in the BxPc-3
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cell line where HA226 had the greatest decrease in viability). The high sensitivity to the cisplatin and
Ag8 combination treatment is a strong indicator for its potential clinical use.
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6. General conclusion

This study explored the effectiveness of three novel silver organometallic compounds on cancer cell
viability and lactate productionin a selection of pancreatic and colorectal cancer cell lines. Several key
findings were identified: all three Ag-NHCs are able to suppress lactate release, efficacy is cell-line
dependant, the novel compounds do not display an increased selectivity for cancer cells, and Ag8
improves the sensitivity and cytotoxic effect of cisplatin upon co-treatment.

In the investigation of lactate inhibition, it was found that the novel silver organometallic
compounds reduced the concentration of extracellular lactate to a greater significance atlower dosage
than the known glycolytic inhibitors, silibinin and sodium oxamate. The study has shown that at
concentrations as low as 10uM, a reduction in the rate of reaction, equating to extracellular lactate,
can be significantly reduced over a 4-hour period with particular sensitivity of pancreatic cell lines.
While colorectal cancer cells lines were also affected, the change observed was not as substantive. This
is likely due to the more robust antioxidant defence system of colorectal cancer cells. This strongly
supports ROS upregulation as a key mechanism of the Ag-NHC in lactate inhibition —a mechanism of
action that will be explored in futurestudies. This project also identified p53 as a key regulator in this
process, influencing the efficacy of the treatment, where cells witha compromised p53 pathway were
more sensitive to Ag-NHCs. The structure of the novel compounds was also shown to impact their
effect, as demonstrated by the variation in lactate inhibition and viability changes observed between
the three different novel Ag-NHC compounds. A factor in this is the different number of hydroxyl
groups in each structure likely effecting cell membrane permeability.

In the investigation of cytotoxicity, there was significant variance between cell lines responses,
both within and between cell lines, dependent on tissue origins. Generally, the pancreatic cell lines
were more sensitive than the colorectal cell lines with lower ICs, values exhibited. Within the colorectal
cell line studies, the p53 positive cell line was more sensitive to activation of cell death. Unfortunately,
the cytotoxicity studies also showed that cell death was not cancer cell specific, with the pHFF-1 cell
line being the most sensitive to the novel Ag-NHCs, overall. This indicates poor selectivity of these
compounds for cancer cells, potentially limiting their therapeutic potential in their current forms.
However, this interpretation is partially limited by the origin of the pHFF-1 cell line. As these cells are
fibroblasts, they may be more sensitive to the particular mechanisms of the silver compounds.
Fibroblasts are actively involved in extracellular matrix production and wound healing, which often
requires higher metabolic activity making them more vulnerable to drugs impairing ATP production
(Lemons et al., 2010). Fibroblasts also have been identified as more susceptible to ROS-induced
apoptosis (Balin, Allen and Reimer, 1988). An investigation of further non-cancerous cell lines may
support this work.

When investigated as a co-treatment with cisplatin, the novel silver compounds were shown
to significantly increase thecellular sensitivity to the cisplatin. All cell lines investigated were shown to
have the greatest change in sensitivity when treated with Ag8. Combination therapy with Ag8
consistently reduced cancer cell viability when compared to cisplatin treatment monotherapy, at a Ag8
concentration that did not produce significant cell death. These results imply Ag8 potentially acts as a
chemosensitiser for cisplatin therapy, where the combination approach dramatically improved the
cellular anti-cancer outcomes.

Overall, this study has shown that Ag-NHCs are strong inhibitors of extracellular lactate in the
investigated cell lines. They lead to significant cell death in vitro and they improved the sensitivity of
cancer cells to chemotherapeutics. The investigation showed a clear reduction in LDH activity through
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the lactate detection assay and produced significant cell death in both single and co-treatment
settings. The data may support ROS upregulation via release of Ag* ions into the cell as the key
mechanism of action leading to these results. Further investigation into clarifying the mechanisms of
action, improving the selectivity, enhancing the efficacy, and exploring other glycolytic markers is
warranted to determine the full clinical potential for these novel silver organometallic compounds.
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8.Appendix

Table A1.1. The average rate of reaction (AA/s) of HCT116 +/+ culture media following treatment
with Ag8 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 2.81E-05 3.97E-05 4.96E-05 9.35E-05
SE| 1.74E-06 6.70E-06 7.54E-06 1.06E-05 1.34E-07
P= N/A N/A N/A N/A N/A
10uMm Avg | 0.00E+00 3.58E-05 4.68E-05 5.94E-05 7.61E-05
SE| 6.15E-06 1.04E-05 1.47E-05 1.72E-05 2.38E-05
P= 0.09 0.09 0.21 0.14 0.27
50uM Avg | 0.00E+00 2.35E-05 3.21E-05 4.19E-05 5.78E-05
SE| 1.31E-06 4.25E-06 6.03E-06 6.26E-06 1.30E-05
P= 0.17 0.10 0.02 0.11 0.06
100uM | Avg | O0.00E+00 1.49E-05 1.17E-05 1.36E-05 1.90E-05
SE| 2.81E-06 1.52E-07 9.89E-07 2.89E-07 2.36E-06
P= 0.10 0.09 0.04 0.04 0.00
250uM | Avg | 0.00E+00 1.56E-05 1.65E-05 1.83E-05 1.24E-05
SE| 3.67E-06 2.78E-06 6.46E-06 3.70E-06 6.28E-06
P= 0.12 0.04 0.00 0.02 0.00
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Table A1.2. The average rate of reaction (AA/s) of HCT116 -/- culture media following treatment with
Ag8 over time. Table shows the mean rate of biological triplicate data (n=3) along with the standard
error of the replicates. Significance to the control data at each time point was calculated via a single
tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 2.90E-05 3.82E-05 4.38E-05 6.23E-05
SE| 3.63E-07 3.45E-07 2.97E-06 3.43E-06 1.72E-06
P= N/A N/A N/A N/A N/A
10uMm Avg | 0.00E+00 2.71E-05 3.88E-05 4.52E-05 5.90E-05
SE| 5.85E-07 8.46E-08 1.78E-06 4.50E-06 3.93E-06
P= 0.04 0.01 0.33 0.17 0.14
50uM Avg | 0.00E+00 2.87E-05 3.79E-05 4.74E-05 5.78E-05
SE| 6.72E-06 3.23E-06 3.66E-06 1.39E-05 1.70E-05
P= 0.18 0.46 0.49 0.43 0.42
100uM | Avg | 0.00E+00 1.67E-05 2.31E-05 2.46E-05 2.08E-05
SE| 5.92E-06 4.51E-06 2.21E-06 5.00E-06 3.95E-06
P= 0.16 0.03 0.00 0.00 0.00
250uM | Avg | 0.00E+00 1.41E-05 1.86E-05 1.34E-05 1.54E-05
SE| 3.30E-06 1.40E-06 1.44E-06 2.35E-06 5.20E-07
P= 0.19 0.00 0.04 0.04 0.00
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Table A1.3. The average rate of reaction (AA/s) of BxPc-3 culture media following treatment with Ag8
over time. Table shows the mean rate of biological triplicate data (n=3) along with the standard error
of the replicates. Significance to the control data at each time point was calculated via a single tailed

T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05 **p<0.005. All

data is normalised to TO=0

0 2
Control Avg 0.00E+00 9.53E-06 1.26E-05 1.57E-05 2.00E-05
SE| 1.43E-07 8.34E-07 1.45E-06 2.04E-06 8.39E-07
P= N/A N/A N/A N/A N/A
10uM Avg 0.00E+00 1.01E-05 1.48E-05 2.04E-05 2.39E-05
SE| 1.03E-06 4.82E-07 1.51E-06 4.89E-07 1.28E-06
P= 0.28 0.36 0.27 0.10 0.10
50uM Avg 0.00E+00 6.70E-06 8.81E-06 1.01E-05 7.78E-06
SE| 3.46E-06 1.50E-06 4.24E-07 9.50E-07 2.19E-06
P= 0.22 0.03 0.03 0.02 0.01
100uM Avg 0.00E+00 3.95E-06 3.88E-06 4.79E-06 3.59E-06
SE| 3.23E-06 3.30E-06 2.77E-06 3.65E-06 4.21E-06
P= 0.10 0.08 0.01 0.01 0.02
250puM Avg 0.00E+00 4.70E-06 8.48E-06 3.73E-06 5.84E-06
SE | 8.22E-07 1.93E-06 2.77E-07 3.11E-06 1.73E-06
P= 0.02 0.02 0.07 0.00 0.00
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Table Al1.4. The average rate of reaction (AA/s) of PSN-1 culture media following treatment with Ag8
over time. Table shows the mean rate of biological triplicate data (n=3) along with the standard error
of the replicates. Significance to the control data at each time point was calculated via a single tailed

T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05 **p<0.005. All

data is normalised to TO=0

0 2
Control Avg 0.00E+00 1.36E-05 2.54E-05 3.42E-05 4.16E-05
SE| 1.52E-06 1.10E-06 1.14E-06 1.82E-06 1.54E-06
P= N/A N/A N/A N/A N/A
10uM Avg 0.00E+00 1.68E-05 2.50E-05 3.32E-05 3.98E-05
SE| 2.00E-06 2.09E-06 4.51E-06 2.39E-06 2.91E-06
P= 0.01 0.04 0.48 0.42 0.16
50uM Avg 0.00E+00 1.94E-05 2.70E-05 2.61E-05 2.28E-05
SE| 3.07E-06 1.29E-06 2.52E-06 9.86E-07 4.48E-06
P= 0.08 0.11 0.00 0.00 0.01
100uM Avg 0.00E+00 6.54E-06 1.00E-05 3.89E-06 4.05E-06
SE| 3.76E-06 1.56E-06 2.27E-06 3.96E-06 4.21E-06
P= 0.08 0.06 0.00 0.00 0.01
250puM Avg 0.00E+00 9.26E-06 7.75E-06 9.90E-06 7.04E-06
SE| 1.88E-06 5.83E-06 9.78E-06 9.28E-06 6.99E-06
P= 0.07 0.17 0.45 0.27 0.04
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Table A2.1. The average rate of reaction (AA/s) of HCT116 +/+ culture media following treatment
with HA197 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 2.81E-05 3.97E-05 4.96E-05 9.35E-05
SE| 1.74E-06 6.70E-06 7.54E-06 1.06E-05 1.34E-07
P= N/A N/A N/A N/A N/A
10uMm Avg | 0.00E+00 2.84E-05 4.11E-05 5.14E-05 6.99E-05
SE| 3.15E-06 4.12E-06 5.26E-06 4.42E-06 1.02E-05
P= 0.06 0.45 0.30 0.40 0.39
50uM Avg | 0.00E+00 2.59E-05 4.37E-05 4.76E-05 7.46E-05
SE| 3.51E-06 3.57E-06 8.73E-06 4.03E-06 1.39E-05
P= 0.06 0.28 0.23 0.39 0.16
100uM | Avg | 0.00E+00 2.41E-05 4.00E-05 5.26E-05 5.98E-05
SE| 3.51E-06 5.11E-06 1.03E-05 1.22E-05 1.22E-05
P= 0.04 0.06 0.11 0.10 0.06
250uM | Avg | 0.00E+00 1.72E-05 2.41E-05 3.02E-05 3.54E-05
SE| 4.40E-06 1.44E-06 5.66E-06 8.05E-06 1.31E-05
P= 0.15 0.09 0.13 0.01 0.02
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Table A2.2. The average rate of reaction (AA/s) of HCT116 -/- culture media following treatment with
HA197 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 2.90E-05 3.82E-05 4.38E-05 6.23E-05
SE| 3.63E-07 3.45E-07 2.97E-06 3.43E-06 1.72E-06
P= N/A N/A N/A N/A N/A
10uMm Avg | 0.00E+00 3.18E-05 4.26E-05 5.70E-05 7.09E-05
SE| 2.06E-06 2.13E-06 3.80E-07 5.09E-07 2.14E-06
P= 0.39 0.19 0.16 0.04 0.08
50uM Avg | 0.00E+00 2.92E-05 4.37E-05 4.89E-05 6.96E-05
SE| 6.03E-06 3.02E-07 4.02E-06 5.38E-06 5.37E-06
P= 0.20 0.39 0.02 0.06 0.09
100uM | Avg | 0.00E+00 2.39E-05 3.48E-05 4.81E-05 5.71E-05
SE| 3.02E-06 1.20E-06 5.91E-06 1.20E-05 1.43E-05
P= 0.03 0.01 0.19 0.33 0.36
250uM | Avg | 0.00E+00 1.40E-05 2.36E-05 2.43E-05 2.54E-05
SE| 7.06E-06 4.61E-06 4.22E-06 4.31E-06 2.55E-06
P= 0.18 0.04 0.00 0.00 0.00
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Table A2.3. The average rate of reaction (AA/s) of BxPc-3 culture media following treatment with
HA197 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 9.53E-06 1.26E-05 1.57E-05 2.00E-05
SE| 1.43E-07 8.34E-07 1.45E-06 2.04E-06 8.39E-07
P= N/A N/A N/A N/A N/A
10uMm Avg | 0.00E+00 8.78E-06 1.12E-05 1.63E-05 2.07E-05
SE| 6.93E-06 8.42E-07 1.76E-06 2.62E-06 1.92E-06
P= 0.10 0.00 0.02 0.20 0.29
50uM Avg | 0.00E+00 7.69E-06 1.55E-05 1.39E-05 1.73E-05
SE| 1.19E-07 8.15E-07 2.35E-06 1.87E-06 2.68E-06
P= 0.00 0.00 0.04 0.00 0.14
100uM | Avg | 0.00E+00 5.89E-06 1.43E-05 1.27E-05 1.15E-05
SE| 2.68E-07 1.20E-06 4.73E-06 2.76E-06 4.27E-06
P= 0.00 0.00 0.33 0.03 0.07
250uM | Avg | 0.00E+00 4.67E-07 8.27E-06 7.88E-06 6.49E-06
SE| 5.46E-06 2.05E-06 2.12E-06 7.25E-07 1.56E-06
P= 0.25 0.01 0.01 0.01 0.00
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Table A2.4. The average rate of reaction (AA/s) of PSN-1 culture media following treatment with
HA197 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4

Control | Avg | 0.00E+00 1.36E-05 2.54E-05 3.42E-05 4.16E-05
SE
P= N/A N/A N/A N/A N/A

10uMm Avg | 0.00E+00 1.68E-05 2.88E-05 4.30E-05 5.40E-05
SE
P=

50uM Avg | 0.00E+00 1.35E-05 1.93E-05 2.91E-05 3.29E-05
SE

P=

100uM | Avg [ 0.00E+00 9.50E-06 1.53E-05 1.72E-05 2.06E-05
SE
P=

250uM | Avg | 0.00E+00 2.64E-06 1.30E-05 1.10E-05 7.78E-06
SE
P=
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Table A3.1. The average rate of reaction (AA/s) of HCT116 +/+ culture media following treatment
with HA266 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 2.81E-05 3.97E-05 4.96E-05 9.35E-05
SE| 1.74E-06 6.70E-06 7.54E-06 1.06E-05 1.34E-07
P= N/A N/A N/A N/A N/A
10uMm Avg | 0.00E+00 2.44E-05 3.69E-05 3.74E-05 4.53E-05
SE| 2.60E-06 4.69E-06 9.06E-06 8.25E-06 1.20E-05
P= 0.01 0.11 0.10 0.02 0.03
50uM Avg | 0.00E+00 1.84E-05 2.63E-05 2.81E-05 3.80E-05
SE| 4.18E-06 4.56E-06 7.23E-06 6.40E-06 1.45E-05
P= 0.19 0.02 0.00 0.02 0.03
100uM | Avg | 0.00E+00 4.85E-06 1.94E-05 2.23E-05 2.79E-05
SE| 2.74E-06 4.32E-06 3.15E-06 4.81E-06 8.61E-06
P= 0.10 0.08 0.02 0.02 0.01
250uM | Avg | 0.00E+00 1.22E-05 1.74E-05 1.55E-05 1.42E-05
SE| 4.72E-06 3.87E-06 7.46E-06 6.58E-06 5.78E-06
P= 0.10 0.02 0.00 0.01 0.00
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Table A3.2. The average rate of reaction (AA/s) of HCT116 -/- culture media following treatment with
HA266 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05

**p<0.005. All data is normalised to TO=0

0 1
Control | Avg | 0.00E+00 2.90E-05 3.82E-05 4.38E-05 6.23E-05
SE| 3.63E-07 3.45E-07 2.97E-06 3.43E-06 1.72E-06
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 2.77E-05 3.69E-05 4.12E-05 4.96E-05
SE| 2.93E-06 3.45E-07 2.07E-06 4.93E-06 6.72E-06
P= 0.33 0.00 0.14 0.11 0.06
50uM Avg | 0.00E+00 1.87E-05 2.13E-05 2.50E-05 2.54E-05
SE| 6.83E-06 1.19E-06 3.07E-07 2.56E-06 1.81E-06
P= 0.17 0.01 0.02 0.00 0.00
100uM | Avg | 0.00E+00 1.48E-05 7.66E-06 1.39E-05 1.08E-05
SE| 4.75E-06 1.21E-06 5.87E-06 4.93E-06 6.32E-06
P= 0.06 0.00 0.00 0.00 0.00
250uM | Avg | 0.00E+00 4.01E-06 6.87E-06 2.01E-06 4.68E-06
SE| 5.03E-06 3.81E-06 4.73E-07 1.79E-06 2.33E-06
P= 0.07 0.01 0.00 0.00 0.00
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Table A3.3. The average rate of reaction (AA/s) of BxPc-3 culture media following treatment with
HA266 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2
Control | Avg | 0.00E+00 9.53E-06 1.26E-05 1.57E-05 2.00E-05
SE| 1.43E-07 8.34E-07 1.45E-06 2.04E-06 8.39E-07
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 5.51E-06 9.40E-06 1.41E-05 1.44E-05
SE| 1.98E-06 7.93E-07 2.34E-06 4.55E-06 6.77E-06
P= 0.08 0.00 0.03 0.30 0.22
50uM Avg | 0.00E+00 5.94E-06 6.19E-06 7.60E-06 6.40E-06
SE| 1.77E-06 8.23E-07 8.23E-07 2.12E-06 2.62E-06
P= 0.01 0.00 0.00 0.00 0.01
100uM | Avg | 0.00E+00 1.10E-06 1.70E-06 6.16E-06 4.38E-06
SE| 1.99E-06 3.32E-06 3.47E-06 1.72E-06 2.83E-06
P= 0.01 0.04 0.02 0.00 0.01
250uM | Avg | 0.00E+00 0.00E+00 2.26E-06 3.68E-06 2.09E-06
SE| 2.38E-06 4.24E-08 8.57E-07 3.49E-07 7.36E-07
P= 0.02 0.00 0.00 0.01 0.00
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Table A3.4. The average rate of reaction (AA/s) of PSN-1 culture media following treatment with
HA266 over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 1.36E-05 2.54E-05 3.42E-05 4.16E-05
SE| 1.52E-06 1.10E-06 1.14E-06 1.82E-06 1.54E-06
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 1.61E-05 2.41E-05 3.30E-05 3.49E-05
SE| 1.08E-06 9.93E-07 1.13E-06 2.04E-06 5.57E-07
P= 0.01 0.00 0.00 0.02 0.04
50uM Avg | 0.00E+00 1.26E-05 1.40E-05 1.82E-05 1.60E-05
SE| 1.92E-06 2.34E-06 2.18E-06 3.48E-06 2.36E-06
P= 0.09 0.25 0.04 0.05 0.00
100uM | Avg | 0.00E+00 8.25E-06 1.05E-05 1.07E-05 1.08E-05
SE| 7.41E-06 1.30E-06 1.48E-06 4.47E-07 1.10E-06
P= 0.07 0.08 0.01 0.00 0.00
250uM | Avg | 0.00E+00 1.93E-06 8.35E-06 7.01E-06 3.02E-06
SE| 3.66E-06 2.13E-06 2.06E-06 2.61E-06 5.88E-07
P= 0.12 0.00 0.02 0.01 0.00
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Table A4.1. The average rate of reaction (AA/s) of HCT116 +/+ culture media following treatment
with silibinin over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2
Control | Avg | 0.00E+00 2.81E-05 3.97E-05 4.96E-05 9.35E-05
SE| 1.74E-06 6.70E-06 7.54E-06 1.06E-05 1.34E-07
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 2.69E-05 3.63E-05 4.19E-05 5.62E-05
SE| 1.60E-06 5.76E-06 7.60E-06 5.53E-06 1.12E-05
P= 0.39 0.17 0.00 0.14 0.04
50uM Avg | 0.00E+00 2.55E-05 3.28E-05 4.29E-05 5.72E-05
SE| 1.93E-06 4.25E-06 6.21E-06 6.33E-06 9.87E-06
P= 0.00 0.20 #DIV/0! 0.13 0.03
100uM | Avg | 0.00E+00 2.60E-05 3.69E-05 3.96E-05 5.30E-05
SE| 1.48E-06 5.25E-06 6.83E-06 6.15E-06 9.82E-06
P= 0.01 0.14 0.11 0.08 0.03
250uM | Avg | 0.00E+00 2.07E-05 3.18E-05 3.47E-05 4.33E-05
SE| 3.02E-06 4.08E-06 7.46E-06 7.50E-06 9.91E-06
P= 0.24 0.05 0.05 0.02 0.02
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Table A4.2. The average rate of reaction (AA/s) of HCT116 -/- culture media following treatment with
silibinin over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05

**p<0.005. All data is normalised to TO=0

0 1
Control | Avg | 0.00E+00 2.90E-05 3.82E-05 4.38E-05 6.23E-05
SE| 3.63E-07 3.45E-07 2.97E-06 3.43E-06 1.72E-06
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 2.39E-05 3.39E-05 4.36E-05 5.33E-05
SE| 2.22E-07 4.39E-07 9.90E-07 5.43E-06 2.04E-06
P= 0.09 0.00 0.08 0.46 0.00
50uM Avg | 0.00E+00 2.45E-05 3.57E-05 4.67E-05 5.71E-05
SE| 1.55E-07 9.99E-07 5.79E-09 5.44E-06 3.19E-06
P= 0.06 0.01 0.25 0.14 0.04
100uM | Avg | 0.00E+00 2.71E-05 3.81E-05 4.95E-05 6.28E-05
SE| 1.93E-07 9.81E-07 1.13E-06 6.33E-06 4.78E-06
P= 0.21 0.05 0.49 0.09 0.45
250uM | Avg | 0.00E+00 2.82E-05 3.68E-05 4.24E-05 5.38E-05
SE| 2.08E-06 5.13E-07 4.53E-07 1.56E-06 3.58E-07
P= 0.37 0.22 0.36 0.26 0.01
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Table A4.3. The average rate of reaction (AA/s) of BxPc-3 culture media following treatment with
silibinin over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2
Control | Avg | 0.00E+00 9.53E-06 1.26E-05 1.57E-05 2.00E-05
SE| 1.43E-07 8.34E-07 1.45E-06 2.04E-06 8.39E-07
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 7.61E-06 1.06E-05 1.42E-05 1.70E-05
SE| 4.89E-07 1.20E-06 2.47E-07 1.45E-06 1.93E-06
P= 0.00 0.02 0.11 0.06 0.05
50uM Avg | 0.00E+00 3.92E-06 1.12E-05 1.36E-05 1.80E-05
SE| 1.90E-07 2.82E-06 1.79E-07 1.31E-06 2.13E-06
P= 0.00 0.05 0.18 0.05 0.13
100uM | Avg | 0.00E+00 4.95E-06 1.14E-05 1.26E-05 1.40E-05
SE| 1.41E-06 1.43E-06 5.40E-07 1.28E-06 9.84E-07
P= 0.01 0.01 0.15 0.03 0.00
250uM | Avg | 0.00E+00 5.58E-06 1.00E-05 1.30E-05 1.35E-05
SE| 9.72E-07 6.62E-08 1.97E-08 1.48E-07 3.40E-08
P= 0.00 0.02 0.11 0.17 0.01
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Table A4.4. The average rate of reaction (AA/s) of PSN-1 culture media following treatment with
silibinin over time. Table shows the mean rate of biological triplicate data (n=3) along with the
standard error of the replicates. Significance to the control data at each time point was calculated via
a single tailed T test to produce a p value which is shown to 2 decimal places. Significance is *p<0.05
**p<0.005. All data is normalised to TO=0

0 1 2 3 4
Control | Avg | 0.00E+00 1.36E-05 2.54E-05 3.42E-05 4.16E-05
SE| 1.52E-06 1.10E-06 1.14E-06 1.82E-06 1.54E-06
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 1.55E-05 2.38E-05 3.16E-05 3.66E-05
SE| 1.08E-06 9.99E-07 2.37E-06 1.44E-06 2.32E-06
P= 0.06 0.00 0.35 0.25 0.01
50uM Avg | 0.00E+00 1.38E-05 2.36E-05 3.39E-05 3.89E-05
SE| 7.83E-07 6.88E-07 3.49E-06 4.02E-07 1.22E-07
P= 0.09 0.34 0.37 0.43 0.12
100uM | Avg | 0.00E+00 1.68E-05 3.03E-05 3.44E-05 4.49E-05
SE| 1.55E-06 1.93E-06 4.45E-07 1.11E-06 6.80E-07
P= 0.00 0.03 0.01 0.38 0.03
250uM | Avg | 0.00E+00 1.62E-05 2.17E-05 2.85E-05 3.49E-05
SE| 5.05E-07 1.72E-06 5.61E-07 4.34E-07 2.04E-06
P= 0.11 0.03 0.08 0.06 0.00
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Table A5.1. The average rate of reaction (AA/s) of HCT116 +/+ culture media following treatment
with sodium oxamate over time. Table shows the mean rate of biological triplicate data (n=3) along
with the standard error of the replicates. Significance to the control data at each time point was
calculated via a single tailed T test to produce a p value which is shown to 2 decimal places.

Significance is ¥*p<0.05 **p<0.005. All data is normalised to T0O=0

0 1 2
Control | Avg | 0.00E+00 2.81E-05 3.97E-05 4.96E-05 9.35E-05
SE| 1.74E-06 6.70E-06 7.54E-06 1.06E-05 1.34E-07
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 2.20E-05 3.92E-05 4.57E-05 6.33E-05
SE| 2.17E-06 1.77E-06 5.10E-06 1.55E-06 1.02E-05
P= 0.00 0.17 0.42 0.35 0.05
50uM Avg | 0.00E+00 2.62E-05 4.33E-05 4.89E-05 6.70E-05
SE | 7.44E-07 4.25E-06 9.90E-06 7.07E-06 1.20E-05
P= 0.22 0.27 0.31 0.43 0.08
100uM | Avg | 0.00E+00 2.64E-05 4.26E-05 4.81E-05 6.76E-05
SE| 2.97E-06 4.84E-06 1.08E-05 6.37E-06 1.51E-05
P= 0.04 0.24 0.11 0.38 0.12
250uM | Avg | 0.00E+00 2.39E-05 3.80E-05 4.96E-05 6.42E-05
SE| 4.18E-06 3.80E-06 1.01E-05 9.59E-06 1.67E-05
P= 0.18 0.14 0.18 0.48 0.11
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Table A5.2. The average rate of reaction (AA/s) of HCT116 -/- culture media following treatment with
sodium oxamate over time. Table shows the mean rate of biological triplicate data (n=3) along with
the standard error of the replicates. Significance to the control data at each time point was
calculated via a single tailed T test to produce a p value which is shown to 2 decimal places.

Significance is ¥*p<0.05 **p<0.005. All data is normalised to T0O=0

0 1 2
Control | Avg | 0.00E+00 2.90E-05 3.82E-05 4.38E-05 6.23E-05
SE| 3.63E-07 3.45E-07 2.97E-06 3.43E-06 1.72E-06
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 2.36E-05 4.02E-05 4.48E-05 6.04E-05
SE| 2.90E-06 1.41E-06 5.12E-06 8.06E-06 2.79E-06
P= 0.48 0.05 0.22 0.42 0.11
50uM Avg | 0.00E+00 2.60E-05 3.31E-05 4.12E-05 5.93E-05
SE| 3.12E-07 1.34E-06 2.77E-06 5.33E-06 3.46E-06
P= 0.00 0.05 0.00 0.15 0.11
100uM | Avg | 0.00E+00 2.52E-05 3.79E-05 4.55E-05 5.95E-05
SE| 4.02E-06 1.25E-06 1.78E-06 1.65E-06 2.01E-06
P= 0.39 0.03 0.48 0.23 0.01
250uM | Avg | 0.00E+00 2.69E-05 3.84E-05 4.80E-05 5.48E-05
SE| 3.40E-06 2.10E-06 2.70E-06 2.57E-06 3.03E-06
P= 0.44 0.24 0.49 0.02 0.01
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Table A5.3. The average rate of reaction (AA/s) of BxPc-3 culture media following treatment with
sodium oxamate over time. Table shows the mean rate of biological triplicate data (n=3) along with
the standard error of the replicates. Significance to the control data at each time point was
calculated via a single tailed T test to produce a p value which is shown to 2 decimal places.

Significance is ¥*p<0.05 **p<0.005. All data is normalised to T0O=0

0 1 2
Control | Avg | 0.00E+00 9.53E-06 1.26E-05 1.57E-05 2.00E-05
SE| 1.43E-07 8.34E-07 1.45E-06 2.04E-06 8.39E-07
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 6.00E-06 1.05E-05 1.51E-05 1.90E-05
SE| 7.38E-06 9.71E-07 2.12E-06 3.21E-06 3.19E-06
P= 0.03 0.00 0.04 0.34 0.35
50uM Avg | 0.00E+00 6.92E-06 9.27E-06 1.46E-05 1.88E-05
SE| 1.48E-08 1.27E-06 8.39E-07 2.86E-06 1.20E-06
P= 0.00 0.01 0.02 0.16 0.04
100uM | Avg | 0.00E+00 5.98E-06 1.18E-05 1.38E-05 1.77E-05
SE| 1.76E-06 4.29E-07 4.03E-08 1.00E-06 2.25E-06
P= 0.01 0.01 0.31 0.11 0.12
250uM | Avg | 0.00E+00 7.15E-06 1.29E-05 1.39E-05 1.68E-05
SE| 8.18E-06 2.49E-07 7.65E-07 1.61E-06 8.67E-07
P= 0.11 0.03 0.37 0.03 0.00
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Table A5.4. The average rate of reaction (AA/s) of PSN-1 culture media following treatment with
sodium oxamate over time. Table shows the mean rate of biological triplicate data (n=3) along with
the standard error of the replicates. Significance to the control data at each time point was
calculated via a single tailed T test to produce a p value which is shown to 2 decimal places.

Significance is ¥*p<0.05 **p<0.005. All data is normalised to T0O=0

0 1 2
Control | Avg | 0.00E+00 1.36E-05 2.54E-05 3.42E-05 4.16E-05
SE| 1.52E-06 1.10E-06 1.14E-06 1.82E-06 1.54E-06
P= N/A N/A N/A N/A N/A
10pM Avg | 0.00E+00 1.34E-05 2.43E-05 2.93E-05 3.83E-05
SE| 3.68E-07 7.56E-07 2.11E-06 2.68E-06 4.48E-07
P= 0.17 0.29 0.20 0.01 0.05
50uM Avg | 0.00E+00 1.70E-05 2.37E-05 3.81E-05 4.90E-05
SE| 6.68E-07 1.26E-06 1.37E-06 2.46E-06 6.18E-06
P= 0.11 0.00 0.29 0.23 0.13
100uM | Avg | 0.00E+00 1.55E-05 2.65E-05 3.02E-05 3.94E-05
SE| 1.09E-06 1.04E-06 9.48E-07 3.25E-06 9.45E-07
P= 0.02 0.00 0.01 0.05 0.24
250uM | Avg | 0.00E+00 1.53E-05 2.22E-05 3.26E-05 3.99E-05
SE| 1.74E-06 8.08E-07 9.58E-07 1.25E-06 1.09E-06
P= 0.05 0.01 0.13 0.05 0.30




