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Abstract 
 
One of the first line treatments for most cancers is chemotherapy. Whilst it is generally 

an effective form of treatment, standard chemotherapy drugs, such as cisplatin, tend 

to have harmful side effects resulting in a poorer quality of life for patients. A series of 

novel amphiphilic compounds which were previously shown to be toxic against gram 

positive and gram negative bacteria were tested to evaluate their potential as an 

anticancer treatment based on the similarities observed between bacterial cell and 

cancer cell membranes. To explore the mechanism of action of these compounds, 

various techniques were used such as SRB analysis, immunofluorescence, western 

blotting and combination studies. Although these compounds were not deemed to be 

significantly toxic by themselves, they did appear to show some synergistic effects 

when combined with cisplatin, a widely used chemotherapeutic agent and the 

intrinsically fluorescent compounds were shown to bind cancer cell membranes 

through immunofluorescence. This indicates potential development of these SSA 

compounds as cancer therapeutics both as a chemotherapy enhancing agent and 

possibly as a fluorescent biomarker for surgery.   
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1. Introduction 
 

1.1 Cancer  

Cancer remains one of the worlds most critical health issues today. WHO defines 

cancer as “the uncontrolled growth and spread of cells”1 caused by mutations in a cells 

own genetic material. Mutations are more likely to occur due to exposure to certain 

risk factors, such as tobacco smoke and UV radiation. Once a bodys cells start to 

abnormally divide, they may also be able to spread to other areas of the body by 

metastasis; resulting in more complicated, harder to treat cancers.   

 

Although the mortality rate for cancer has decreased by about 16% in the UK since the 

1970s, cancer is still one of the leading causes of death. According to Cancer Research 

UK, there were approximately 18 million new cases of cancer worldwide in 2018, with 

9.6 million deaths2.  

 

1.2 Ovarian cancer 

Ovarian cancer is one of the most common cancers affecting women, with 

approximately 7,500 new cases diagnosed each year in the UK. It is a disease affecting 

particularly older women, with more than a quarter (28%) of cases diagnosed in 

women over the age of 752. Ovarian cancer has a low survival rate as the symptoms do 

not tend to show until the tumor is more advanced, and has often metastasized. This 

means the tumor is usually not detected until a later stage, at which point it becomes 
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more difficult to treat. The first line of treatment is cytoreductive surgery to remove 

the bulk of the tumor, which is normally followed by chemotherapy.  

 

1.2.1 Ovarian cancer treatment 

Chemotherapy is an important part of treatment for ovarian cancer, being included in 

the primary care plan for 54% of patients. The leading form of chemotherapy is 

platinum based drugs such as Cisplatin (Cis-diamminedichloroplatinum (II)). Cisplatin is 

an alkylating agent which causes intrastrand adducts on DNA resulting in initiation of 

the DNA repair pathway. Figure 1.1 shows the structure of cisplatin, which consists of a 

central charged platinum ion surrounded by four ligands; two amine ligands and two 

chloride ligands. The amine ligands have a stronger bond with the platinum, which 

allows the chloride ions to form leaving groups once inside the cell and so the platinum 

can interact with DNA bases, causing the formation of lesions3.  

 

 

Cisplatin is a widely used form of chemotherapy for a number of cancers including 

bladder, testicular, head and neck, breast, stomach and prostate cancers amongst 

others. Despite being a first line treatment option for many cancers with a high initial 

response rate of over 70%5, cisplatin can cause many harmful side effects. Cisplatin is 

Figure 1.1: Cisplatin molecular structure 4 
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given intravenously so it is taken directly into the bloodstream and can reach tumor 

cells rapidly. It is taken up into cells via passive diffusion6 and as it cannot distinguish 

between dividing cancer cells and normal cells, it exhibits equal toxicity on both. 

Despite being a common form of treatment, cisplatin can cause various complications 

including nephrotoxicity and ototoxicity7.  

 

1.3 Brain cancer 

Brain cancer is a relatively rare form of cancer, making up approximately 2-3% of all 

cancer cases in the UK. However, brain tumour incidence rates are predicted to 

increase by 6% in the UK by 2035, as shown in the graph in figure 1.2. These statistics 

indicate brain tumors are becoming a greater problem8. There are many different 

types of brain cancer and they are given a grade between 1 - 4 depending on how 

serious they are. Grade 1 and 2 indicate slower growing, less severe tumors whereas 

grades 3 and 4 are indicative of fast growing, malignant tumors which are harder to 

treat. Brain tumors can be classified as primary or secondary tumors, depending on 

their origin. Primary tumors arise from cells within the brain whereas secondary 

tumors are those which have been caused by metastasis, the movement of malignant 

cells from other areas of the body to the brain. 
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Fig 1.2: Observed and projected age standardized incidence rates of Brain cancer, by sex, UK 1979-
2035. (Cancer Research UK)8 

 

The most common type of brain tumor is a glioma, which originates in the glial tissue 

of the nervous system. These can be categorized according to which type of cell they 

arose from. Oligodendroglioma is a less common form of glioma making up only about 

3% of brain tumors9. They originate from oligodendrocytes which are responsible for 

producing the myelin sheath which surrounds nerves and helps speed up the 

transmission of nerve signals10. The least common type of glioma is an ependymoma, 

which originates in ependymal cells, these cells form an epithelial layer which acts as a 

barrier between the ventricles containing cerebrospinal fluid (CSF) and the central 

canal of the spinal cord11. 
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Astrocytomas are a type of glioma which are derived from astrocytes, important cells 

in the nervous system which support the blood-brain barrier, provide nutrients to 

neurons and repair damaged nervous tissue. A grade 4 astrocytoma is also known as a 

glioblastoma, or glioblastoma multiforme (GBM), the most aggressive type of brain 

tumour.  

 

Whilst the outlook for patients with a low grade glioma is relatively positive, those with 

more advanced grades of glioma have very low rates of survival. According to Cancer 

Research UK, people with a grade 1 astrocytoma have over 90% chance of survival for 

5 years or more. However, those with grade 4 astrocytoma, or GBM, have a poor 

prognosis with only 5% of patients surviving 5 years or more12.  

 

1.3.1 Brain cancer: Symptoms 

Brain tumors can be identified through a number of different physical symptoms. 

These include headaches which are caused by pressure placed on brain matter due to 

the growth and swelling of the tumor. Other signs include alterations in function, such 

as decreased function in the right side of the body due to damage in the left side of the 

brain. Extreme pressure on the neurons in the brain may trigger seizures, characterized 

by the twitching of one or more limbs followed by potential paralysis. 
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1.3.2 Brain cancer: Diagnosis 

A doctor can confirm the presence of a brain tumour by conducting a computerized 

tomography (CT) or magnetic resonance imaging (MRI) scan to examine the brain 

tissue and detect any abnormal growth. A doctor may also conduct a biopsy in which a 

small section of the tumour tissue is removed and examined to determine the origin 

and stage of the tumour, further treatment can then be arranged depending on the 

seriousness of the tumour.  

 

1.3.3 Brain cancer: Treatments 

Current treatments for brain cancer include surgery, radiotherapy and chemotherapy. 

The primary form of treatment for gliomas is surgery in which a highly trained surgeon 

performs a craniotomy in an attempt to remove as much of the tumour as possible. It 

is a common occurrence for some of the tumour to remain after surgery in which case 

the patient will need to undergo further treatments such as chemotherapy or 

radiotherapy. Steroids are often given to patients in order to relieve symptoms as they 

are able to decrease the swelling in the brain which can cause significant damage13. 

 

Whilst surgery is the initial treatment option for the majority of glioblastoma patients, 

it is a risky procedure, as the brain tissue is very important for human function, if any 

of the healthy, non-tumor tissue is removed or damaged, this may impair some vital 

functions such as speech or movement. To enhance the precision of craniotomy 

procedures, a fluorescent marker was developed called 5- Aminolevulinic acid (5-ALA) 
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which was approved by the US Food and Drug Administration (FDA) for use on high 

grade gliomas14. This is informally known as the ‘pink drink’ as it is ingested orally by a 

patient prior to surgery. This compound can be taken up by brain cells and in high 

grade glioma cells is metabolized into a fluorescent product protoporphyrinogen IX 

(PpIX), which fluoresces red when exposed to blue light of a certain wavelength. This 

process only occurs in high grade glioma tumor cells and so the accumulation of PpIX 

allows them to be distinguishable from normal brain matter15. This allows 5-ALA to be 

used as a tumor visualizing agent to aid in locating the tumor during brain surgery, 

whilst reducing the likelihood of damage to healthy areas of the brain. Although 5-ALA 

has proven to be a useful surgical aid, it can only be used on high grade gliomas which 

are more advanced and generally have poorer prognosis, suggesting the need for a 

fluorescent marker which can be used on low grade brain tumors as this could increase 

the chance of patient survival. 

 

Radiotherapy is often required if a patient has undergone surgery but not all the tumor 

has been removed. Targeted radiation can remove any traces of cancerous cells and 

has been shown to prolong survival in glioblastoma patients from 14 weeks to 36 

weeks16,17. Radiation normally successfully results in a period of remission but 

unfortunately most patients experience a relapse of the tumor within a year following 

treatment.  
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One of the existing first line treatments for advanced glioblastoma is the drug 

temozolomide, an alkylating agent which is active during the resting phase of the cell. 

Temozolomide works by methylating bases on DNA, mainly at the N7 position of 

guanine, the O3 position of adenine and the O6 position of guanine18. This causes DNA 

damage, thus inhibiting DNA replication and inducing cell cycle arrest, so the cells are 

unable to divide18. This eventually results in apoptosis and so depletion of the tumour. 

Temozolomide has shown to be effective at treating brain tumors and can increase the 

average survival of patients, with one study finding that two-year survival rate was 

10.4% with just radiotherapy versus 26.5% when patients were treated with 

temozolomide alongside radiotherapy20. However, over 50% of glioblastoma tumors 

are able to produce O6-methylguanine-DNA methyltransferase (MGMT), a protein with 

DNA repairing properties which renders temozolomide ineffective21.  

 

Another common form of chemotherapy used for glioblastoma patients is 

Bevacizumab (Avastin), a type of drug called a monoclonal antibody which acts as an 

anti-angiogenesis drug and targets vascular endothelial growth factor (VEGF) on the 

cell membrane, thus starving the tumor of oxygen so it is unable to grow.  

 

1.4 Chemotherapy 

Although some drugs currently available such as temozolomide and cisplatin are 

usually effective at treating tumors, chemotherapy in general poses a problem as it is 

unable to differentiate between cancerous cells and normal healthy cells which have 
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high proliferation, such as skin fibroblasts and hair cells. As a consequence, normal 

cells are targeted and destroyed. This can result in serious side effects, such as hair 

loss, fatigue, nausea and vomiting, which cause pain and distress to the patient. A 

possible solution to this issue would be to develop a new form of therapy which 

specifically targets tumor cells so that other cells in normal tissue in the body do not 

suffer as a result. Alternatively, the development of a method to increase the efficacy 

of chemotherapy would be an ideal solution to enhance existing cancer treatments 

whilst reducing their toxicity on other, healthy areas of the body.  

 

Compounds which are able to identify and bind cancer cells selectively are the next 

step in improving cancer treatment. This issue is particularly important in brain tumors 

as the tissue is delicate and surgical procedure can go wrong so requires very precise 

removal. If, during surgery, any extra non-cancerous tissue is removed this may result 

in serious brain damage and loss of function.  

 

1.5 Novel antimicrobial compounds  

A number of new compounds have been generated by Dr. Jennifer Hiscock at the 

University of Kent which were named supramolecular self-associating antimicrobials 

(SSAs). These compounds are toxic on both gram positive (MRSA) and gram negative 

(E. coli) bacteria and are thought to exert anti-cancer activity due to the similarities in 

composition between bacterial cell membranes and cancer cell membranes. Over 50 

variations of these compounds were screened against MRSA and E. Coli through drop 
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testing methods and growth rate methods, and the findings have been published and 

registered as a patent (No. PCT/EP2018/069568). The exact mode of action of these 

compounds is not yet fully understood, however they are believed to interact with the 

lipid component of the cell surface membrane, and once they accumulate in high 

enough concentrations on the cell membrane it is believed they are able to form 

structures through self-association methods and then enter the cell and interact with 

intracellular components.  

 

These novel compounds are sulfonate-urea based amphiphilic salts, meaning they 

possess both hydrophilic and hydrophobic properties, as shown in figure 1.3. The 

hydrophilic end of the compound has hydrogen bond accepting (HBA) function, and 

these compounds also contain a region which has both hydrogen bond accepting and 

hydrogen bond donating (HBD) functionalities. The general structure of these 

compounds also incorporates an aromatic ring structure, usually trifluoromethyl 

benzene. These compounds are accompanied by a counter cation which provides a 

positive charge. The main counter cation used is tetrabutyl ammonium (TBA), but there 

are some variations that are used such as tetra methyl ammonium (TMA) and tetra 

propyl ammonium (TPA).  
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                              Figure 1.3: General structure of novel amphiphilic compounds.22 

 

These amphiphilic compounds are able to self-associate through the formation of 

hydrogen bonds, in a number of different configurations. The compounds were 

examined using x-ray crystallography to produce 3D images of the dimer formation. 

This provided an insight into the structure of the monomers and the bonds they form 

to result in dimers, an example of which is shown in figure 1.4. In this model, the 

amine group acts as the hydrogen bond donor whilst the oxygen groups on the sulfur 

atom are the hydrogen bond acceptors. These compounds can form a dimer through 

the formation of four hydrogen bonds. The compounds were shown to be able to 

adopt multiple hydrogen bonding modes at the same time. This allows them to form 

structures on the cell surface membrane where they can potentially associate with and 

pass through the membrane. 
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Figure 1.4: Molecular structure of fluorescent compound 31, and below a single crystal X-ray 
structure of this compound in dimer form, through urea-anion complex formation22. 

 

The development of intrinsically fluorescent SSAs allowed the study of their activity on 

a cellular level, the compounds were analyzed using transmission and fluorescence 

microscopy to understand their mode of action. These experiments demonstrated the 

formation of circular structures, or aggregates, in the solution state23. Several of these 

microscopy experiments showed the compounds selectively bound to microbes and 

formed ring like structures around the membrane of the cells. The fluorescence 

experiments revealed that the compounds interact with the bacterial cell membranes, 

and that they appear have a greater association with the membranes of S. aureus than 

with E. coli. 
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1.5.1 Compound structure 

Compounds looked at in this project were compounds 1 (1-25), 3 (1-3-O), 9 (1-20), 11 

(1-18), 14 (KN2A), 30 and 31 (2-35). The structures of which can be found in figure 1.5 

below.  

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Molecular structures of the series of compounds selected for mammalian testing in this 
project shown above: Compound 1 (1-25), Compound 3 (1-3-O), Compound 9 (1-20), Compound 11 (1-
18), Compound 14 (KN2A) and fluorescent Compounds 30 and 31 

1 3 

9 
11 

31 30 

14 
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1.6 Composition of cancer cells compared to normal cells   

A notable feature of tumor cells is they often have an acidic extracellular environment, 

this is due to the tendency of cancer cells to produce energy through glycolysis as 

opposed to oxidative phosphorylation, which is a much more efficient method of ATP 

production. Cancer cells opt for this pathway even when sufficient levels of oxygen are 

present, and this results in an excessive production of lactate – also known as the 

Warburg effect24. In contrast, normal healthy cells generally have a neutral or slightly 

positively charged extracellular environment, as they favor oxidative phosphorylation 

as a method of ATP production, and so there is no acidic byproduct.  

 

1.7 Membrane lipid composition 

Polar phospholipids, such as phosphatidylethanolamine (PE) and phosphatidylserine 

(PS), are normally contained in the inner layer of the membrane bilayer in normal 

human cells whilst the outer layer tends to have a higher prevalence of zwitterionic 

lipids such as phosphatidylcholine (PC) and sphingomyelins. This asymmetric 

organization of membrane lipids is sustained by various enzymes such as flipases, 

translocases and scramblases25,26. However, in cancerous cells the polar lipids have a 

tendency to switch to the outer layer of the phospholipid bilayer, and so negatively 

charged lipid groups are presented on the cell surface membrane of tumor cells27, 

resulting in a negatively charged extracellular environment.  

Similarly, bacteria also exhibit a negatively charged extracellular environment, bacterial 

cell membranes are normally composed of lipids such as phosphatidylglycerol and 
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cardiolipin, with phosphatidylethanolamine being the main constituent – PE 

constitutes approximately 75% of membrane lipids in E. coli. Bacterial membranes may 

also contain phosphatidylcholine and phosphatidylinositol, but these lipids are 

generally more abundant in eukaryotic cells. The hypothesis is therefore that the SSA 

compounds are able to bind negatively charged membrane lipids and disrupt the cell 

membrane through pore formation or cell lysis. 

 

1.8 Differential membrane composition of brain tumour cells 

Studies using desorption electrospray ionization mass spectrometry (DESI-MS) imaging 

have shown that the composition of the cell membrane of normal brain cells differs 

from those of brain tumor cells28. This difference in membrane structure is likely due to 

mutations in the isocitrate dehydrogenase (IDH) 1 gene. IDH1 is an enzyme located in 

the cytoplasm which is responsible for catalyzing the oxidative decarboxylation of 

isocitrate to alpha-ketoglutarate outside of the krebs cycle. The mutated form causes 

them to produce 2-hydroxyglutarate instead of its normal product NADPH. 

 

Mutations in IDH1 have been identified in approximately 80% of grade 2 and 3 gliomas 

and secondary glioblastoma multiforme (GBM)29. IDH1 mutations are caused by a 

singular heterozygous missense amino acid at arginine residue 13230. This residue is 

part of the active site of the enzyme so a change in amino acid structure has a critical 

effect on substrate binding of isocitrate, so it cannot perform its usual catalytic 

activity31.  
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The theory proposed by Dr. Hiscock is that the differential lipid composition of tumor 

cells will allow these newly developed amphiphilic molecules to selectively bind to 

cancer cells through the formation of non-covalent interactions. The compounds are 

able to differentiate between the cancerous cells and normal healthy cells so this could 

be a potential new form of targeted therapy for cancer. 

 

1.9 Project aims 

The primary aim of this research project were to investigate whether these new SSA 

compounds have a biological effect on human cancer cell lines. The cell lines used in 

this study were the U87MG human glioblastoma cell line of epithelial origin and A2780, 

a human ovarian carcinoma cell line.  

The main objectives were: 

• To determine if any of the series of compounds have an effect on growth of 

cancer cells through SRB analysis.  

• To investigate whether these SSA compounds are able to bind to and/or enter 

cancer cells, using fluorescence microscopy.  

• Explore the hypothetical use of these compounds as drug delivery systems as 

they are thought to be able to self-associate and form aggregates in solution so 

they could potentially be used as a delivery system if they preferentially bind 

cancerous cells.  
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Using various experimental methods, I will aim to produce a set of results to support 

the hypothesis regarding these novel compounds and provide some insight into their 

potential as a new form of cancer therapy.  
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2. Materials and Methods 
 
2.1 Cell Lines  

Cell lines used were U87MG of human glioblastoma origin and A2780 human ovarian 

carcinoma of epithelial origin. Both obtained from the Institute of Cancer Research UK 

(ICR). 

 

2.2 Compounds  

All of the SSA compounds used in this project were obtained from the Hiscock lab. They 

were dissolved in 5% ethanol at a stock concentration of 20mM. Compound stocks 

were stored at -20C and thawed before use.  

 

2.3 Cell culture 

U87MG and A2780 cells were cultured in Iscove’s Modified Dulbecco’s Medium 

(IMDM) supplemented with 10% Fetal bovine serum (FBS). Cells were cultured at 

optimum conditions of 37C and 5% CO2.  

To split the cells, old media was removed from the T25 flasks containing cells, and any 

remaining media was washed off using ~1ml phosphate buffered saline (PBS). Cells 

were detached from flasks using ~0.5ml Trypsin EDTA x10 solution and then 

resuspended in 5ml fresh media. Approximately 0.5 – 2 mls of this new cell solution 

was transferred to a new T25 flask and resuspended in 5mls fresh media. Cell were 

split every 3-4 days, depending on when they reached 70% confluency. 
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2.4 Cell Seeding Density assays 

To determine the optimum growth density of the cell lines, cells were plated in 96 well 

format at a range of concentrations and grown over a period of 168 hours to measure 

growth. U87MG cells were plated at densities ranging from 12,800 cells per well to 800 

cells per well with PBS in outer wells to prevent evaporation of media. A2780 cells 

were plated at concentrations ranging from 3200 cells per well to 200 cells per well. 

Seven identical plates were made up and incubated at 37C and 5% CO2. One plate was 

stopped every 24 hours and fixed with 70l 10% trichloroacetic acid (TCA) for 30 mins, 

then washed in distilled water 5 times and 70l sulfurhodamine B (SRB) dye was added 

for 30 mins at room temperature and then the plate was washed with 1% acetic acid 

and dried in a 37C oven overnight. Once all seven plates were fixed and stained, they 

were put on a shaker for 10 mins at 200rpm with 100l of 10 mM Tris buffer in each 

well to solubilize the dye. Plates were then read at 490nm on a Victor X4 plate reader, 

results analyzed using GraphPad Prism. 

 

2.5 SRB assays 

Once the optimum cell density was determined, the cells were plated in 96-well plates 

and treated with a range of concentrations of each compound after 48 hours.  

Plates were then incubated at 37C and 5% CO2 for a further 96 hours after which they 

were removed, fixed using 10% TCA and stained using SRB dye. 10mM Tris buffer was 

added to each well and plates were shaken for 10 mins at 200rpm. Plates were then 

read at 490nm on a Victor X4 plate reader, results analyzed using GraphPad Prism to 
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produce a viability curve and produce an IC50 value. The IC50 is the concentration of 

drug at which the SRB signal is reduced by 50% over the time course of the assay.  

 

2.6 Combination studies  

2.6.1 Chou-Talalay assay  

Drug combinations were studied using the Chou-Talalay method in which different 

titrations of Cisplatin in combination with either Compound 1 or 31 were tested on 

A2780 cells and levels of synergy were calculated using Compusyn software. 

Compound 1/31 and Cisplatin combination was tested using this method. Cells were 

plated at 800 cells per well and incubated for 48 hours. Compound 1/31 was added 1 

hour prior to Cisplatin at a concentration range of 40M – 1.25M, with Cisplatin at a 

range of 2.4M – 0.075M. Compound/ Cisplatin were added to the plate to form a 

matrix of different concentrations. Cells were incubated with the drugs for 96 hours 

and then fixed and stained using SRB dye, and the absorbance read at 490nm. Data 

was analyzed using Microsoft Excel and then input in to Compusyn software for 

analysis. 

 

2.6.2 Combination assay 

Drug combinations were further explored using another assay allowing lower 

concentrations of Compound 1 to be investigated. Compound 1 was used at various 

concentrations of the IC50, these were the IC10 (M), IC5 (4M), IC2.5 (2M), IC1 (0.8M) 

and the IC0.25 (0.2M). A2780 cells were plated at 800 cells per well in 96 well plates, 
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and treated with compound 1 an hour before addition of Cisplatin. Cisplatin range was 

2.4M – 0.075M. Plates were then incubated for 96 hours before being fixed and 

stained with SRB as described previously. Data was analyzed using Microsoft Excel and 

graphs produced using GraphPad Prism.  

 

2.6 Immunofluorescence 

A2780 cells were plated at ~750,000 cells per dish and U87MG cells were plated at 

~600,000 cells per dish in glass bottomed 3cm dishes for live cell imaging. Compound 

31 was added at a concentration of 90M after 24 hours incubation at 37C, 5% CO2. 

Compound 30 was added at a concentration of 180M after 24 hours incubation at 

37C, 5% CO2. Samples were examined after an hour exposure to the compound, an 

immediate exposure and an untreated control.  

 

2.7 Western Blot analysis  

A2780 cells were plated at ~ 1,000,000 cells in 10cm dishes. Cells were left for 48 hours 

and then treated with varying concentrations of compound 1 and cisplatin. Different 

combinations of drug treatment were used to represent high and low concentrations.  

High Cisplatin: 10M 

Low Cisplatin: 1M 

High Compound 1: 400M 

Low Compound 1: 40M 
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 The cells were left in drug for 24 hours and then stopped by washing with ice cold PBS. 

Plates were lysed and scraped for 30 minutes on ice with 100L lysis buffer. Lysate was 

collected in eppendorfs and centrifuged to form a cell pellet. The supernatant was 

removed from each sample and the concentration of protein in each sample was 

calculated using the Bradford assay. Samples were then normalized to an equal 

concentration using lysis buffer, and 12.5 L 4x sample buffer was added to each 

sample. The samples were then mixed and heated at 95C for 5 minutes before being 

run on a poly acrylamide gel.  

 

Samples were run on a 12% gel in order to allow detection of different sized protein 

targets. Electrophoresis was run at 150V for approximately 1 hour. Proteins were then 

transferred to a PVDF membrane through wet transfer at 100V for 90mins. To ensure 

all protein had transferred, membranes were stained with Ponceau S. After protein 

transfer, the PVDF membrane was blocked in 5% milk in 0.1% TBST for 1 hour. 

Membrane was then cut at the appropriate molecular weight sites and incubated in 

primary antibody (See table 2.1 for list of antibodies used) in 5% milk overnight at 4C 

(Gamma H2AX antibody incubated in 5% BSA in 0.1% TBST). The following day, 

membranes were washed 4 x 5 minutes with 0.1% TBST and then incubated with HRP-

conjugated secondary antibody in 5% milk for 1 hour at room temperature. 

Membranes were then washed 4 x 5 minutes in 0.1% TBST before being treated with 

ECL reagent for 5 mins and then exposed to Amersham hyperfilm in a dark room. The 

film was developed in an optimax 2010 developer. 
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Primary antibody  Supplier Catalogue number Species Dilution 

AKT  Cell signalling 4691 Rabbit 1:5000 

AKT pSer473  Cell signalling 4060 Rabbit 1:1000 

ERK 1/2  Cell signalling 4695 Rabbit 1:1000 

ERK1/2 pT202/Y204  Cell signalling 4370 Rabbit 1:2000 

CDK1 Santa Cruz sc-8395 Mouse 1:2000 

CDK1 pTyr15 Cell signalling 9111 Rabbit 1:1000 

Chk1 Cell signalling 2360 Mouse 1:1000 

Chk1 pSer296 Cell signalling 2349 Rabbit 1:1000 

PARPC Cell signalling 9541 Rabbit 1:1000 

p21 Cell signalling 2947 Rabbit  1:1000 

Gamma H2AX Cell signalling 05-636 Mouse 1:500 

GAPDH Millipore MAB374 Mouse 1:100,000 

Secondary antibody  Supplier Catalogue number Species Dilution 

Anti-mouse HRP conjugate  Bio-Rad 170-6516 Goat 1:10,000 

Anti-rabbit HRP conjugate  Bio-Rad 170-6515 Goat 1:10,000 

Table 2.1: List of antibodies used for western blot analysis 
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Lysis Buffer 50 mM HEPES pH 7.4, 250 mM NaCl, 

0.1% Nonidet-P40, 1 mM DTT, 1 mM 

EDTA, 1 mM NAF, 10 mM β-

glycerophosphate, 0.1 mM sodium 

orthovanadate, and CompleteTM 

protease inhibitor cocktail [Roche, 

Switzerland]  

 

SDS-PAGE Running buffer 10X: 0.25M Tris-HCl, 1.92M Glycine, 1% 
SDS in dH2O 
1X: 100mL 10X solution, 900mL dH2O 

Transfer buffer 10X: 0.25M Tris-HCl, 1.92M Glycine in 1L 
dH2O 
1X: 100mL of 10X solution, 100mL 
methanol, 800mL dH2O 

TBS  10X: 50mM Tris-HCl, 150mM NaCl in 
dH2O (pH 8)  
1X: 100mL 10X TBS, 900mL dH2O 

Washing buffer (0.1% TBST) 1 ml Tween 20 dissolved in 1L 1X TBS 

Stored at room temperature  

 

Blocking buffer  5% Marvel milk powder dissolved in 1X 

TBST. Use immediately or store at 4°C for 

up to 24 hours.  

 

Stripping Buffer 50mM Glycine, 1% SDS in dH2O (pH 2) 

Table 2.2: List of buffers used for western blot analysis 
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3. Results  
 
3.1 Cell lines  

Two human cell lines were used in this project; A2780 ovarian endometroid 

adenocarcinoma and U87MG glioblastoma cell lines. Images were taken of these cells 

in culture to see the morphology and growth characteristics of each cell line as shown 

in figure 3.1 and 3.2 below. Images were taken at high and low density. Both A2780 

and U87MG are adherent cell lines with epithelial morphology, and grow as a 

monolayer in tissue culture flasks.  

 
 

 
 
 

Figure 3.2: Microscope images of U87MG cells in culture. Cells growing in IMDM media + 10% FBS. 
Low density (left) and high density (right), taken at 40x magnification on a bright field microscope. 

Figure 3.1: Microscope images of A2780 cells in culture. Cells growing in IMDM media + 10% FBS. 
Low density (left) and high density (right), taken at 40x magnification on a bright field microscope. 
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3.2 Cell density seeding assay 

To determine the optimal seeding density for each cell line, a seeding density assay 

was conducted with 5 different densities and the ideal cell density for a 96-well plate 

was decided from the best growth curve. The ideal curve would have the cells in 

logarithmic growth throughout the 96-hour timeframe of an assay. The curves were 

also used to calculate the doubling time for each cell line. The growth curves are shown 

in figure 3.3 and 3.4, these are representative of 4 biological repeats. 

 

3.2.1 Doubling time calculation 

Doubling time of cell lines was calculated using the equation below32: 
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3.2.2 A2780 Seeding Density 

For the A2780 ovarian carcinoma cell line, the optimum cell seeding density was 

determined to be 800 cells per well (cpw) using the graphs in figure 3.3. The doubling 

time was calculated to be approximately 15 hours.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3.3: Cell seeding density graph on linear scale (A) and logarithmic scale (B) for A2780 
ovarian carcinoma cell line. Cells plated at 5 different densities (200 cpw – 3200 cpw) and 
absorbance measured at 490nm at 24 hour intervals for 168 hours. (Data represents n=4 
individual experiments) 

A 

B 
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3.2.3 U87MG Seeding Density 

For the U87MG glioblastoma cell line, the optimum cell seeding density was 

determined to be 6400 cells per well using the graphs in figure 3.4. The doubling time 

was calculated to be approximately 32 hours.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

A 

B 

Figure 3.4: Cell seeding density graph on linear scale (A) and logarithmic scale (B) for U87MG 
glioblastoma cell line. Cells plated at 5 different densities (800 cpw – 12800 cpw) and absorbance 
measured at 490nm at 24 hour intervals for 168 hours. (Data represents n=4 individual 
experiments) 
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3.3 Toxicity assay and IC50 determination  

Toxicity of SSA compounds was determined using a 96 hour Sulfurhodamine B (SRB) 

assay. Both A2780 and U87MG cell lines were treated with a range of concentrations 

for each compound (1, 3, 9, 11, 14, 30, 31) and Cisplatin was used as a control. After 96 

hours, the assay was stopped and the absorbance was read at 490nm. The absorbance 

values were used to calculate the percentage growth compared to the untreated 

control. These were then plotted in GraphPad Prism to obtain a growth curve and 

calculate an IC50 value. IC50 is defined as the concentration at which 50% of growth is 

inhibited. IC50 values of each compound on both cell lines are shown in Table 3.1 

below, values are the mean of 3 biological repeats with standard deviation.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The growth curves of each compound on both A2780 and U87MG cell lines are shown 

in figure 3.5 and 3.6 below. The dotted line indicates where the growth of cells is at 

Compound A2780 (M) U87MG (M) 

1 44.61 ± 18.5 248 ± 21.9 

3 53.57 ± 16.8 316 ± 49.1 

9 277.94 ± 18.2 394.6 ± 99.5 

11 451.33 ± 38.3 >500 

14 51.28 ± 16.5 297.3 ± 92.3 

30 59.53 ± 8.1 367.3 ± 48.5 

31 29.61 ± 9.7 188.98 ± 51.8 

Cisplatin 0.79 ± 0.4 6.41 ± 4.7 

Table 3.1: Summary of IC50 data of A2780 cells and U87MG cells treated with compound 

1, 3, 9, 11, 14, 30, 31 and Cisplatin control. All values expressed in M with standard 
deviation. Each value is representative of 3 separate biological repeats. 
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50% compared to the untreated control, these were used to calculate the IC50 value for 

each compound. From looking at this datum, it is clear that all of the selected SSA 

compounds have a toxic effect on both A2780 and U87MG cells, with some being more 

effective than others. The IC50 values indicate that compound 31 is the most effective 

compound at killing both A2780 and U87MG cells, exhibiting IC50 values of 29.61 ± 9.7 

and 188.98 ± 51.8 respectively. Compound 11 was the least toxic compound on both 

cell lines, with an IC50 value of 451.33 ± 38.3 on A2780 cells. As shown in figure 3.6, 

the growth curve for compound 11 was unable to cross the 50% line, indicating 

compound 11 could not kill 50% of the population even at the highest concentration 

(500M) so an IC50 value could not be calculated for compound 11 on U87MG cells. 

The order of their toxicity had the same trend across both cell lines. The order from 

most to least effective is as follows: 

31 > 1 > 14 > 3 > 30 > 9 > 11 

 

Looking at the growth curves in figure 3.5 and 3.6 and table 3.1, it seems A2780 cells 

are more sensitive to these compounds as the IC50 values for all the compounds and 

cisplatin are higher for U87MG cells. However, it should be noted that the vast 

differences in IC50 values between the two cell lines are likely due to the difference in 

seeding densities used. The seeding density used for U87MG was 6400cpw which is 8 

times that of the seeding density for A2780 (800 cpw). Looking at the IC50 values of 

each compound, they appear to reflect this difference as all the values for U87MG are 

approximately 8 times as much as the values for A2780.   
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3.3.1 Toxicity graphs of each compound on A2780 cells  

 

Figure 3.5: Cell viability curves of A2780 cells treated with Compound 1, 3, 9, 11, 14, 30, 31 and 
Cisplatin for 96 hours. Growth determined through SRB assay. Cells seeded at 800 cpw and treated 
with compound after 48 hours. Plates left for further 96 hours, stopped and absorbance measured 
at 490nm. Data represents n=3 separate experiments. 
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3.3.2 Toxicity graphs of each compound on U87MG cells  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.6: Cell viability curves of U87MG cells treated with Compound 1, 3, 9, 11, 14, 30, 31 and 
Cisplatin for 96 hours. Growth determined through SRB assay. Cells seeded at 6400 cpw and treated 
with compound after 48 hours. Plates left for further 96 hours, stopped and absorbance measured 
at 490nm. Data represents n=3 separate experiments. 
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3.4 Combination studies  
 

3.4.1 Chou-Talalay assay 

The Chou-Talalay method was used to investigate whether these compounds and 

Cisplatin in combination showed any synergistic effects. A2780 cells were plated in 96 

well plates at 800 cells per well and incubated for 48 hours, after which varying 

concentrations of the compound and Cisplatin were added to the cells and left for 96 

hours. The absorbance was taken at 490nm and readings were analyzed in excel then 

input using CompuSyn software which gave a combination index value showing level of 

synergy. Synergy can be defined as “the effect of two or more agents working in 

combination that is greater than the expected additive effect of said agents”33. 

Numerically speaking, synergy is defined as a combination index <1, whilst additive is = 

1 and antagonism is >1. 

 

When this method was used with Compound 1 (1-25), the results showed synergism of 

the drug combination. Table 3.2 shows the combination index values obtained from 

Compusyn for the combination of each drug concentration. The higher the level of 

synergy is colored in a darker purple, whereas the combination showing antagonistic or 

additive effects are colored in grey or white, respectively. Looking at table 3.2, it 

appears the levels of synergy are greater when lower concentrations of compound 1 

are used.  
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Figure 3.7 is a graph showing the effect of Cisplatin and Compound 1 alone, and also 

the effect of the two in combination. This graph demonstrates the synergistic effects of 

the combination, as the combination line is shifted to the left compared to the lines of 

just cisplatin and compound 1.  

 

 
 

 
 
 

0

20

40

60

80

100

120

1 2 3 4 5 6

%
 g

ro
w

th
 o

f 
u

n
tr

ea
te

d
 c

o
n

tr
o

l 

Concentration (μM)

Combination assay comparing Cisplatin and Compound 1 
on A2780 cells over 96 hours

Cisplatin Compound 1 Combination

Figure 3.7: Graph showing effects of Cisplatin and Compound 1 both alone and in combination on A2780 
cells. Cells treated for 96 hours, plated at 800 cells per well. (representative of n=4 individual experiments) 
 

Table 3.2: Table showing combination index values and synergy levels of cisplatin and Compound 1 
combination on A2780 cells. Data produced using Compusyn software (representative of n=4 individual 
experiments) 
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When compound 31 (2-35) was used, the analysis showed mainly antagonistic or 

additive effects with some low levels of synergy. The synergy shown also appeared to 

be at lower concentrations of compound 31, such as the result of the compound 1 

combination study. In the graph in figure 3.8, the combination line is slightly shifted to 

the left, but not as noticeable a shift as seen with compound 1. This demonstrates that 

the synergistic effects are greater with compound 1 than they are with compound 31.  
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Figure 3.8: Graph showing effects of Cisplatin and Compound 31 both alone and in combination on 
A2780 cells. Cells treated for 96 hours, plated at 800 cells per well. (representative of n=3 individual 
experiments) 
 

Table 3.3: Table showing combination index values and synergy levels of cisplatin and Compound 31 
combination on A2780 cells. Data produced using Compusyn software. (representative of n=3 individual 
experiments) 

M 
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3.4.2 Drug combination assay 

The Chou Talalay method was used to investigate the effects of combining Cisplatin 

with the SSA compounds. However, this method limits the minimum concentrations of 

Compound 1 which can be used as each compound must demonstrate a cytotoxic 

effect by itself at each concentration used. The results of the Chou-Talalay assay 

suggested that synergy was greater at low concentrations of compound 1 so in order 

to further explore the effects of this combination, a different assay was used in which 

A2780 cells were treated with the same concentration range of Cisplatin, but lower 

concentrations of Compound 1 were added. This allowed the concentration to be 

lower than their range used in the Chou-Talalay assay to less than the IC1 of Compound 

1.  For this assay the concentrations of Compound 1 used were the IC10 (8M), IC5 

(4M), IC2.5 (2M), IC1 (0.8M) and the IC0.25 (0.2M). 

 

These studies showed that lower concentrations of Compound 1 did not have as much 

of a synergistic effect as predicted from the results of the Chou-Talalay assay. This 

suggests that the synergistic effects shown previously are only significant down to a 

certain concentration below which there is an antagonistic effect. As shown in figure 

3.9, when cisplatin was combined with the IC10, the IC5 and the IC2.5 of compound 1, 

the curve was shifted to the left showing that these concentrations exert synergistic 

effects, however when the IC1 and the IC0.25 was added, the curve was shifted in the 

opposite direction, showing an antagonistic effect.  
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Figure 3.9: Graph showing effects of Cisplatin alone and with different concentrations of 
Compound 1 on A2780 cells. Cells treated for 96 hours, plated at 800 cells per well. 
(representative of 3 individual experiments) 
 

Cisplatin only 

Cisplatin + IC10 of 

compound 1 

Cisplatin + IC5 of 

compound 1 

Cisplatin + IC2.5 of 

compound 1 

Cisplatin + IC1 of 

compound 1 

Cisplatin + IC0.25 of 

compound 1 
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3.5 Western blot analysis  

Western blotting was used to detect levels of selected proteins in the A2780 cell line 

when cells were treated to high and low concentrations of compound 1 and cisplatin 

both alone and in combination. Proteins investigated included those involved in the 

DNA damage response pathway, cell signalling proteins and also several cell cycle 

proteins. GAPDH was used as a loading control as it is constitutively expressed in all cell 

lines. 

 
The concentrations of Compound 1 and Cisplatin used are stated below 
 

High Cisplatin: 10M (approximately 10x IC50) 

Low Cisplatin: 1M (approximately 1x IC50) 

High Compound 1: 400M (approximately 10x IC50) 

Low Compound 1: 40M (approximately 1x IC50) 
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1: Untreated control 
2: High Cisplatin 
3: Low Cisplatin 
4: High Compound 1 
5: Low Compound 1 
 
 

  6: High Cisplatin + High Compound 1 
  7: Low Cisplatin + Low Compound 1 
  8: High Cisplatin + Low Compound 1 
  9: Low Cisplatin + High Compound 1 
10: Ethanol control 
 
 Figure 3.10: Western blot of A2780 cells treated with high and low concentrations of Compound 1 and 

Cisplatin. Cells treated with drug for 24 hours. Approximately 70 g of protein loaded. GAPDH used as 
loading control. Data representative of 3 individual experiments.  
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3.5.1 Cleaved PARP 

One of the protein targets probed for was cleaved PARP, a marker of DNA damage and 

apoptosis. As seen in figure 3.10, expression of cleaved PARP was greater in cells 

treated with Cisplatin, whereas cells treated with Compound 1 showed similar levels of 

cleaved PARP as the untreated and ethanol controls.  The cells which were treated with 

a combination of cisplatin and compound 1 showed greater expression of cleaved 

PARP compared to the cells treated solely with cisplatin. This suggests that the effect 

of cisplatin as a DNA damaging agent is enhanced by the presence of compound 1, 

supporting the theory that the two work together to produce synergistic effects.  

 

3.5.2 Cell signalling targets 

Proteins involved in major cell signalling pathways were also looked at, these include 

AKT phosphorylated at serine 473 (pS473) and total AKT from the PI3K/AKT pathway 

and also ERK 1/2 phosphorylated at threonine 202/tyrosine 204 and total ERK 1/2 

which are involved in the MAPK pathway.  

Cells treated with high compound 1 had a noticeable decrease in expression of 

phosphorylated ERK, and when treated with just cisplatin there was a slight increase in 

expression. However, when compound 1 and cisplatin were used in combination, the 

expression of phosphorylated ERK was greatly increased compared to either one alone.  

Expression of phosphorylated AKT appeared to increase in response to high and low 

levels of compound 1. The levels of phosphorylated AKT did not have much change in 
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cells treated with cisplatin alone, but when cells were treated with cisplatin and 

compound 1 there was a noticeable increase in expression.  

 

3.5.3 Cell cycle proteins 

Several cell cycle proteins were also investigated, such as p21(Cip1/Waf1), phosphorylated 

cyclin dependent kinase 1 (CDK1) and total CDK1 as well as phosphorylated checkpoint 

kinase 1 (Chk1) and total Chk1.  

 

Expression of Chk1 phosphorylated at serine 296 appeared to decrease in cells treated 

with Compound 1, with the signal nearly completely knocked out in those treated with 

high concentration of the compound. Cells treated with low cisplatin showed similar 

levels of phosphorylated Chk1 as the untreated and ethanol controls, whereas those 

treated with high cisplatin showed slight decrease in expression.  

 

CDK1 phosphorylated at tyrosine 15 showed similar levels to the basal expression in 

the untreated control when treated with both high and low cisplatin, with a slight 

increase in response to high cisplatin. When treated with high compound 1 alone and 

in combination, the signal of phosphorylated CDK1 was greatly decreased, whereas 

when treated with low compound 1, the signal was similar to that of the untreated 

control.  
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The p21 (Cip1/Waf1) cyclin-dependent kinase inhibitor (CKI), was overexpressed in cells 

treated with high and low levels of Cisplatin, whereas when treated with just 

compound 1 there was no change in expression compared to the untreated and 

ethanol controls. The expression of p21 appeared to be greater in cells treated with 

just cisplatin as opposed to those treated with a combination of cisplatin and 

compound 1.  
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3.5.4 Western blot of Gamma H2AX 

 

 
 
 
 
 

 
 

Gamma H2AX (H2AX) was probed for as it is a marker of DNA damage by double 

strand breaks (DSBs). As shown in figure 3.11, the expression of H2AX was greater in 

cells treated with high levels of cisplatin, which is expected as cisplatin is a known DNA 

damaging agent. The untreated and ethanol control showed very low levels of basal 

H2AX expression, and the cells treated with high and low levels of compound 1 alone 

showed nearly no expression of the protein. The combination of low cisplatin with high 

compound 1 (9) showed higher levels of H2AX expression compared to low cisplatin 

alone (3). The combination of high cisplatin with low compound 1 (8) also seemed to 

show a slight increase in expression when compared to high cisplatin alone (2).  

 
 
 

1: Untreated control 
2: High Cisplatin 
3: Low Cisplatin 
4: High Compound 1 
5: Low Compound 1 
 

  6: High Cisplatin + High Compound 1 
  7: Low Cisplatin + Low Compound 1 
  8: High Cisplatin + Low Compound 1 
  9: Low Cisplatin + High Compound 1 
10: Ethanol control 
 

Figure 3.11: Western blot of gamma H2AX in A2780 cells treated with high and low concentrations of 

Compound 1 and Cisplatin. Cells treated with drug for 24 hours. Approximately 70 g of protein loaded. 
GAPDH used as loading control. Data representative of 3 individual experiments.  
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3.6 Immunofluorescence  

Immunofluorescence was used to visualize the interaction between the fluorescent 

compounds and cells.  Compounds 30 and 31 have groups which allow them to 

fluoresce. A2780 cells were treated with Compound 31 and images were taken using a 

fluorescent microscope. Compound 31 could be clearly seen to bind to the membrane 

of the cells after immediate addition, and after incubation for an hour they could be 

seen to enter the cells and bind to some intercellular structures. When compound 31 

was added, the cell membrane appeared to undergo blebbing which is indicated with 

the white arrows in figure 3.12. 

 

Compound 30 was also able to bind the cell membrane on both cell lines as shown in 

figure 3.13 (2) and figure 3.14 (2) and could enter the cells, but did not bind the 

membrane as efficiently as compound 31.  

 
 

Figure 3.12: Immunofluorescence of A2780 cells treated with Compound 31 (2-35) for 1 
hour. DAPI filter image of A2780 cells, treated with 90uM Compound 31.  

Blebbing 
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Figure 3.13: Live cell fluorescence microscopy images of A2780 cells. 1: untreated A2780 cells, 

2: A2780 cells after immediate addition of 180M Compound 30, 3: A2780 cells after 

immediate addition of 90M Compound 31.  
Left: DAPI filter fluorescent light, Right: Transmitted light  

 

1 
 

3 
 

2 
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Figure 3.14: Live cell fluorescence microscopy images of U87MG cells. 1: untreated U87MG cells, 

2: U87MG cells after immediate addition of 900M Compound 30, 3: U87MG cells after immediate 

addition of 600M Compound 31.  
Left: DAPI filter fluorescent light, Right: Transmitted light  
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4. Discussion 
 
4.1 Introduction 

The aims of this project were to investigate the effect of novel antimicrobial 

compounds, known as supramolecular self-associating amphiphiles (SSAs), on cancer 

cells. These compounds showed toxicity against both cell lines, but were not 

particularly potent compared to existing chemotherapy agents. Further experimental 

techniques were used to explore the potential of these SSA compounds to enhance the 

efficacy of existing cancer drugs, such as cisplatin. Cisplatin is a widely used form of 

chemotherapy used to treat many cancers including ovarian cancer but it does have a 

number of harmful side effects, as is the issue with most forms of chemotherapy 

offered to patients currently. These compounds were also investigated as a potential 

biomarker of tumors. As some of these compounds are intrinsically fluorescent, they 

could be potentially used as a fluorescent marker for surgical procedures.  

 
4.2 SRB analysis 

Results of the SRB assays measuring cell viability showed that nearly all of the selected 

SSA compounds are toxic to cancer cells. All of the compounds were able to kill cells of 

the A2780 cell line whereas all but compound 11 were toxic when screened against 

U87MG cells, although some were more potent than others. The levels of toxicity of 

these compounds showed the same trend across both cell lines.  

Although these compounds themselves exhibit toxicity against cancer cells, they are 

not comparable to cancer drugs currently in clinical use. So their potential for 
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development as a form of cancer treatment by themselves is not feasible as there are 

already more efficient drugs available.  

 

4.3 Chou Talalay  

The Chou Talalay method was used to investigate whether the compounds showed any 

synergism when used in combination. Synergy in drug combination is when the overall 

effect of two compounds is greater than the effect of each alone. When this data is 

analyzed using CompuSyn software, a combination index value is produced for drug 

combinations. Synergy is defined as a combination index value of <1, whilst additive is 

= 1 and antagonism is >1. As the results show, the combination of compound 1 and 

Cisplatin showed synergistic effects at lower concentrations of compound 1. The 

effects were antagonistic when the concentration of Compound 1 was increased. This 

suggests that low concentrations of Compound 1 may have an effect that increases the 

efficacy of Cisplatin 

 

When this technique was used with the combination of compound 31 and cisplatin it 

did not show the same trend. The effects were mainly antagonistic although there 

were some low levels of synergy, also exhibited by low concentrations of the 

compound. This suggests that the difference in the R group of compound 31 lessens its 

synergistic effects, indicating that compound 31 and 1 may have slightly different 

modes of action. 
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4.4 Combination studies 

The results of the Chou-Talalay assays showed that low concentrations of compound 1 

tend to exert synergistic effects when combined with cisplatin. However, this assay 

limits the minimum concentrations that can be used. To further explore this 

hypothesis, a slightly different assay was conducted to assess the effects of compound 

1 and cisplatin combination. This combination study allowed the synergistic effects to 

be further tested below the lower limits of the Chou-Talalay assay.  

This assay looked at the effects of cisplatin on A2780 cells when combined with very 

low concentrations of compound 1. The Chou Talalay assay suggested that the lower 

the concentration of compound 1, the higher the synergistic effect. However, the 

results of this assay showed that there is in fact a limit to this effect, and at too low 

concentrations there is no synergy shown. This assay allowed the determination of the 

lower limits of compound 1 concentration which would allow synergy. The lowest 

concentrations used; the IC0.25 (0.2M) and IC1 (0.8M) of Compound 1 did not show 

synergistic effects. Comparing these results with the Chou-Talalay results, it appears 

the synergistic effects of compound 1 are the most prominent at a concentration 

between 1.25M and 5M. 

 

The results of these combination studies may suggest some exciting clinical 

implications. Synergy is an area of interest in the development of cancer therapeutics 

as most chemotherapy drugs available have unpleasant and potentially harmful side 

effects. If multiple drugs are shown to exert synergy, this means that they may be 
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administered together at lower doses than they would be by themselves which 

consequently may reduce or possibly get rid of the unfavourable side effects whilst still 

having the intended outcome of tumor depletion.  

 

4.5 Western 

In order to gain more insight into the mechanism of these compounds, western blot 

analysis was used to detect levels of certain proteins in the cells. This experimental 

method can provide more information on the mode of action of the compounds and 

which area of the cell they are targeting.  

4.5.1 DNA damage 

Some of the protein targets looked at were involved in DNA damage, including gamma 

H2AX (H2AX) and cleaved Poly (ADP-ribose) polymerase 1 (PARP). These targets were 

chosen to see if the SSA compounds were targeting the nucleus in the cell and causing 

damage to the DNA.  

The histone H2A variant, H2AX, is locally phosphorylated on serine 139 in response to 

DNA double strand breaks (DSBs) thus becoming H2AX31.  H2AX phosphorylation 

occurs in the SQ motif located at the carboxy terminus of the protein, and this 

phosphorylation event can be carried out by a number of members of the 

phosphatidylinositol-3-OH-kinase like family of protein kinases (PIKKs)35, including the 

three major members; ATM, ATR and DNA-PKcs36,37. Gamma H2AX is widely used in 

research as a marker for DNA damage by DSBs38. 
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PARP1 is a 116 kDA, nuclear polymerase39. In response to extensive DNA damage by 

single strand breaks (SSBs), PARP1 is cleaved by caspase-3 between Asp214 and Gly215 

to form two smaller protein fragments of 24 kDa (the PARP amino-terminal DNA 

binding domain) and 89 kDa (the carboxy-terminal catalytic domain)40. This cleavage 

event results in the inactivation of its DNA repair function. This allows the cells to 

undergo apoptosis instead as it would be more energy efficient than repairing the 

DNA. This means cleaved PARP can be used as a marker for apoptosis41.  

 

As seen in figure 3.10, both H2AX and cleaved PARP showed increased expression in 

A2780 cells treated with just cisplatin, which is the expected result as cisplatin is a 

known DNA damaging agent. On the other hand, the cells treated with high 

concentrations of compound 1 alone showed an equal level of expression to the 

untreated control. This reveals that compound 1 does not cause damage to the DNA, 

and so suggests that compound 1 does not target the nucleus. Assuming that these 

compounds have a similar mechanism of action, these results can be supported by the 

immunofluorescence experiments, which demonstrated that compound 31 is able to 

bind to the plasma membrane and enter the cell to bind to intracellular structures but 

does not show any activity in the nucleus. Cells treated with a combination of cisplatin 

and compound 1 showed greater expression of cleaved PARP than those treated with 

cisplatin alone. This indicates that the action of compound 1 is resulting in increased 

efficacy of cisplatin as it signifies increased induction of the DDR pathway and resulting 
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apoptosis. This supports the theory of compound 1 having synergistic effects with 

cisplatin. 

4.5.2 Cell signalling targets 

Other protein targets investigated were those involved in cellular signalling pathways, 

including the MAPK pathway and the PI3K/AKT pathway. AKT is a serine/threonine 

kinase and is a downstream target of PI3K which is activated through phosphorylation 

on the serine 473 residue at the carboxy terminus. Once activated, AKT signals through 

various downstream proteins including Bad, caspase-942,43 and forkhead transcription 

factors. AKT is normally upregulated in cancer cells to allow a tumor to survive as it can 

promote protein synthesis, cell survival and proliferation. AKT can influence the cell 

cycle as it can negatively regulate CDKIs including p21 and p2744. The highly conserved 

PI3K/AKT pathway can be activated through membrane receptors such as EGFR and 

HER2. Looking at figure 3.10, it seems that phosphorylated AKT is upregulated in cells 

treated with compound 1 this may be a result of compound 1 targeting the membrane 

and causing the activation of PI3K which then in turn activates AKT. As the mechanism 

of these compounds is not fully understood, further experiments would be required to 

explore the meaning of these results.  

 

ERK is part of the MAPK family of serine/threonine kinases which plays a role in a 

number of cellular processes, including differentiation, proliferation and death. ERK 

1/2 is phosphorylated by MEK proteins on the activation loop residues at threonine 

202 and tyrosine 204. Several studies have demonstrated a link between the activation 
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of ERK in response to cisplatin45,46,47, and it is thought activation of ERK mediates cell 

cycle arrest through phosphorylation of p53 to encourage DNA repair. The western 

blot in figure 3.10, shows a slight upregulation in ERK expression in cisplatin treated 

cells, but a noticeable increase in ERK expression in cells which had a combination of 

cisplatin and compound 1 compared to cisplatin alone. This result further supports the 

theory of synergy shown by compound 1 and cisplatin combination. 

 

4.5.3 Cell cycle proteins 

The CKI p21(Cip1/Waf1) was also looked at, p21 is a tumor suppressor protein which when 

activated, is able to halt the cell cycle. The p53 tumor suppressor protein can be 

phosphorylated in response to cellular stress and this then has downstream effects to 

induce transcription of p2148.p21 can associate with and inhibit CDK complexes, 

stopping their kinase activity and arresting the cell cycle so it cannot progress through 

G1/S phase49. From the western blots in figure 3.10, it appears that p21 is upregulated 

in response to cisplatin treatment which is likely due to the DNA damage caused by 

cisplatin, which triggered the activation of p21 in order to halt the cell cycle so cells 

could not complete their division cycle with damaged DNA50. As compound 1 caused 

no change in the expression of p21, this supports the hypothesis that compound 1 

does not target the nucleus and does not cause DNA damage. 

 

Cyclin dependent kinase 1 (CDK1/Cdc2) also has a major role in cell cycle regulation 

and can trigger G2/M phase arrest51, which is a crucial checkpoint as this determines 
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whether the cell will proceed to mitosis or alternatively undergo apoptosis52
. The 

expression of phosphorylated CDK1 displayed the same trend as Chk1 in the western 

blot studies. This is likely due to the same effect as these two proteins are involved in 

the same pathway. Checkpoint kinase 1 (Chk1) is an important cell cycle checkpoint 

which can be activated through phosphorylation by ATR at serine 34553. Chk1 

phosphorylation can be triggered as a result of the DDR pathway activation54, and 

subsequently causes checkpoint activation and cell cycle arrest at the G1/S, intra S or 

G2/M phases to allow for DNA repair. This correlates with the western blot results as 

the Chk1 showed expression in cisplatin treated cells, but when treated with 

compound 1 the signal was not detectable which supports the hypothesis that 

compound 1 does not target the nucleus.  

 

4.6 Immunofluorescence  

The fluorescence microscopy experiments were conducted to assess how the 

compounds interact with the cell and to shed some light on their mechanism of action. 

Through these experiments as shown in figure 3.13 and 3.14, it was clear to see that 

both fluorescent compounds 30 (2-35) and 31 were able to bind the plasma membrane 

of both cell lines A2780 and U87MG. Compound 30 showed less efficient binding than 

compound 31 which supports the data produced from the compound toxicity assays. 

The IC50 data produced through SRB analysis showed that compound 30 was less 

efficient at killing cancer cells on both A2780 and U87MG cell lines compared to 

compound 31. As seen in table 3.1 Compound 30 had an IC50 value of 59.53 ± 8.1 on 
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A2780 cells compared to 29.61 ± 9.7 for compound 31, whilst compound 30 tested on 

U87MG cell line had an IC50 of 367.3 ± 48.5 which is much higher than compound 31 

which had an IC50 value of 188.98 ± 51.8.  

 

Comparing these two fluorescent compounds, they have nearly identical molecular 

formulas however their structures vary slightly. Compound 31 has an added methyl 

group on the fluorophore element of the compound, and the arrangement of the 

fluorophore group is at a slightly different angle. The slight variation in structure is 

likely responsible for the difference in action of the two compounds. The positioning of 

the fluorophore group on compound 30 increases the distance between compounds, 

consequently the compounds are less likely to form intermolecular hydrogen bonds as 

the hydrogen bond accepting/ donating groups cannot get as close as compound 31, so 

they have lower affinity and therefore are less likely to form hydrogen bonds. This 

decreases the efficiency of the compounds as their proposed mechanism of action is 

based on their ability to form intermolecular hydrogen bonds and self-associate. This 

trend is also demonstrated in the antimicrobial studies conducted with these 

compounds. Compound 30 tested on MRSA and E. Coli showed far less toxic activity 

than compound 3125.  

 

When A2780 cells were treated with compound 31, the immunofluorescence clearly 

showed the compound binding both the plasma membrane and intercellular 

structures, signs of membrane blebbing were also visible. Blebbing is a process which 
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occurs when cells are under stress conditions and is a marker of apoptosis. Blebbing is 

the formation of protrusions in the cell membrane, due to actomyosin contractions of 

the cortex allowing detachment of the membrane from the actin cortex after which 

cytosol leaves the main cell body to fill the bleb55
.  

 

A potential theory based on this evidence, is that the compounds target the plasma 

membrane and cause it to bleb resulting in disruption of the phospholipid bilayer thus 

allowing more efficient uptake of other molecules, such as cisplatin. This method 

would allow cisplatin to have a greater effect on cancer cells in combination with SSA 

compounds than when used by itself, which is supported by the synergy studies 

conducted.  

 

4.6.1 Tumor visualizing agent  

As shown through immunofluorescence, compound 31 is very efficient at binding 

membranes of cancer cells. There is potential for the fluorescent compounds to be 

developed as a visualization agent for tumors. Treating patients with these compounds 

could be useful as a targeted biomarker in surgical procedures. Using fluorescent 

compounds to target tumour cells is extremely beneficial in removing the bulk of the 

tumor. As surgery is normally the first line of treatment for most cancers, improving 

the efficacy of surgical removal could be a great opportunity for clinical use of these 

SSA compounds.  
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At present, there is a fluorescent tumor visualizing agent 5-ALA which is approved by 

the US FDA for use on high grade gliomas. This is informally known as the ‘pink drink’ 

as it is ingested orally by a patient prior to surgery. This compound can specifically bind 

to high grade glioma tumors and illuminates when exposed to fluorescent light. 

Although this compound has been a useful aid in surgical procedures, it is limited to 

high grade tumors, which are more advanced and generally have poor patient 

prognosis. If a compound could be developed to be used on low grade tumors, this 

would be beneficial as a tumor could be removed in the earlier stages and when a 

patients likelihood of survival is greater. 

 

4.7 Future works 

An important experiment to further carry out with these compounds would be to test 

them on healthy, non-cancerous ‘normal’ cell lines. If these are to be developed as a 

potential anti-cancer agent, they must be proven to be non-toxic to healthy cells.  

 

4.7.1 Further combination studies 

With more time, it would have been ideal to carry out combination studies on more of 

the compounds. Compound 1 was selected as it was one of the most effective 

compounds in terms of killing cancer cells. However, it would be interesting to look at 

some of the other effective compounds to see if they also have a synergistic effect, as 

perhaps some of the other range of compounds may exert greater synergy.  
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To further explore the synergistic effects exhibited by these compounds, it would be 

interesting to attempt the synthesis of cisplatin together with compound 1 and see 

whether this enhances delivery of cisplatin to cells. As these SSA compounds are 

hypothesized to form aggregates in solution, they may be able to be synthesized to 

form a mechanism of drug delivery straight to the cells by specifically binding to only 

cancer cell membranes. This method could also be tested with temozolomide and 

tested on brain tumor cells.  

4.7.2 Immunofluorescence 

Through immunofluorescence experiments, it is clear the fluorescent compound 31 is 

able to bind cancer cell membranes. There is a potential clinical implication of these 

SSA compounds as a tumor visualization agent as they are clearly able to bind both 

A2780 ovarian carcinoma cells and U87MG glioblastoma cells. 5-ALA, a fluorescent 

surgical marker is already approved for use on GBM. However, this compound is only 

beneficial for patients with high grade, advanced tumors. It would be interesting to 

test these SSA compounds on a low grade brain tumor cell line as if they are shown to 

have binding ability on low grade brain tumors, they could be developed as a potential 

new form of tumor biomarker.  

 
4.7.3 Protein analysis 

Given more time, further western blot analysis could be carried out to look at different 

signalling pathways in the cell to determine the exact mode of action of these 

compounds. Further western blot studies should also be done with other compounds, 



 68 

in particular compound 31 to see whether they have the same effects as compound 1, 

which would reveal whether these compounds have a similar mode of action.  

 
As western blotting only allows certain proteins to be looked at, it can be quite a 

limiting technique. Therefore, a potential experiment to try would be mRNA 

sequencing, which would provide an insight into the whole transcriptome of a cell. This 

would be an unbiased method of analyzing the levels of expression of all protein as 

opposed to just a selected few, and would aid in the understanding of the mechanism 

of these SSA compounds on mammalian cells56. 

 
4.8 Conclusion 

After conducting a number of experiments on the series of novel SSA compounds as 

outlined above, it is possible to conclude that whilst they did not show significant 

toxicity against cancer cells when used by themselves, they did exhibit synergistic 

effects when used in combination with SSA compound 1, which has potential clinical 

implications to improve the use of current chemotherapy agents, such as cisplatin, 

which cause harmful side effects. The fluorescent SSA compounds were shown to be 

very efficient at binding cancer cell membranes, which may indicate a potential to be 

developed as a fluorescent biomarker to aid in surgical procedure.   
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