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Abstract 

 

Triple-negative breast cancer (TNBC) lacks the expression of estrogen 

receptor-alpha, progesterone receptor and human epidermal growth factor 

receptor 2 (HER2). The lack of dependence on estrogen by TNBC cells makes 

anti-estrogen chemotherapy ineffective. Compounding this, within solid tumors, 

differential blood supply creates an oxygen and nutrient gradient, providing cells 

close to the vasculature with a more hospitable environment, while those in the 

core are deprived. In the search for treatments that may display efficacy against 

such tumours, it is necessary to make use of in vitro systems that accurately 

depict the clinical setting. Traditional two-dimensional (2D) culturing fails to 

replicate this environment, however, they are commonly used when assessing 

biological activity of new chemical entities. Three-dimensional (3D) cultures, in 

the form of spheroids, should enact a similar gradient which includes the 

proliferative outer layer, a quiescent inner zone and a necrotic center. The aim of 

the study is to compare the growth characteristics of BT-20 triple-negative breast 

carcinoma cells in a traditional 2D culture to a 3D model established by the 

Department of Physiology, University of Pretoria. 

BT-20 spheroids (40 000 cells/well) were grown using traditional culturing and 

the liquid overlay method for monolayer (2D) and spheroid (3D) cultures, 

respectively. Spheroid volume was assessed using light microscopy, while 

viability was visualized by live-dead staining. Metabolic capacity was determined 

using the resazurin cleavage assay. Protein content was determined using the 

bicinchoninic acid assay. Cytotoxicity of doxorubicin was determined in 

monolayers by sulforhodamine B staining after 72 h. Monolayer cultures and 

spheroids (day 4) were exposed to the IC25, IC50 and IC75 of doxorubicin for 72 h, 

after which protein content and acid phosphatase (APH) activity were 

determined using spectrophotometry, cellular kinetics by flow cytometry, and 

p53 expression detected by Western blot analysis. 

BT-20 spheroids displayed structural integrity and viability over the growth 

period, with decreasing size and increasing numbers of membrane compromised 

cells (suggestive of necrosis) at Day 4. No necrosis was observed at Days 7 or 10. 

Due to spheroids compaction and lack of resorufin formation, metabolic activity 

could not be assessed accurately, highlighting the density of the spheroid as a 

potential contributor to reduced drug susceptibility. Neither spheroid protein 

content nor APH activity changed throughout the culturing period, while the 

monolayer cultures presented with higher values. Doxorubicin displayed an IC25, 

IC50 and IC75 of 1.4 µM, 3.6 µM and 11.75 μM respectively in monolayer cultures. 

Spheroid size, protein content and APH activity was affected only at the IC75, 

accompanied by an increase in the percentage of sub-G1-phase cells linked to a 
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reduction in G1-phase cells. Lower doxorubicin concentrations resulted in 

increased spheroid size, protein content and APH activity. Expression of p53 was 

non-significantly increased after exposure to the IC25 of doxorubicin in both 

models, however, expression was lower in spheroids than in monolayers. 

Non-significant alterations to cell cycle kinetics was evident, with decreased 

G0/G1-phase cells, increased G2/M-phase cells and increased p53 expression, 

which suggest that a late cell cycle blockade was induced. In addition, the 

non-significant lower expression of p53 in treated spheroids suggests that the 

3D-conformation exhibited reduced chemosensitivity to doxorubicin.  

Cultured 3D spheroids presented with higher resistance to doxorubicin 

compared to monolayer cultures. Given the nature of in vivo tumours, a 3D model 

as platform for drug screening may present as a more representative model 

during drug development studies. 
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Chapter 1 

Introduction 

 

1.1. Cancer 

1.1.1. Introduction 

Cancer is a disease where cellular proliferation is no longer under normal 

physiological growth control. Cancerous cells thus continue to proliferate, and 

may in turn become malignant.(1) When such cancerous cells accumulate, they 

may form a mass or lump with associated symptoms, such as abnormal bleeding, 

prolonged coughing and unexplained weight loss, to mention but a few.(2) 

Cancer occurs worldwide; by 2020, approximately 15 million new cancer 

diagnoses are expected.(3) In the United States of America, 23% of deaths are 

due to cancer; it is currently the second most common reason for death after 

heart disease.(4) 

Numerous factors have been implicated in carcinogenesis, which includes 

internal (inherited mutations, hormones and immune conditions) and 

environmental or acquired factors (tobacco, diet, radiation and infections). 

Approximately 5-10% of all cancers are caused by genetic defects, allowing for 

the unchecked proliferation of damaged cells. However, environment and 

lifestyle choices contribute to approximately 90-95% of cancer. (5) For example, 

tobacco is a large contributor of cancer-related deaths (between 25 to 30%). Diet 

is estimated to contribute 20-35% to carcinogenesis, while infection accounts for 

15-20%. Other external factors include radiation, stress, physical activity, and 

environment pollutants.(5)  

There are more than a hundred categories of cancer depending on their 

molecular typing and origin, which includes that of the lung, prostate, colon, 

rectum, stomach and breast.(6)(7) In South Africa, one of the most important 

sources of cancer statistics is the National Cancer Registry (NCR), which is the 

organization that assesses the data of all cancers diagnosed at all national 

pathology laboratories (Table 1).(8) 

 

 

 



 

 2 

Table 1. The top ten most common cancers in males in South Africa in 2014. 

Type of cancer  Number of cases 
Estimated 

lifetime risk 

Percentage of all 

cancers 

Prostate cancer 7 057 1:19 19.18% 

Colorectal cancer 1 943 1:79 5.28% 

Lung cancer 1 791 1:80 4.87% 

Cancer of unknown primary* 1 740 1:91 4.73% 

Kaposi sarcoma 978 1:320 2.66% 

Cancer of the bladder 942 1:152 2.56% 

Non-Hodgkin’s lymphoma 932 1:221 2.53% 

Malignant melanoma 869 1:187 2.36% 

Oesophageal Cancer 848 1:178 2.31% 

Cancer of the stomach 767 1:204 2.08% 

* Origin of cancer in the body is unknown. 

Table 2. The top ten most common cancers in females in South Africa in 2014. 

Type of cancer  Number of cases 
Estimated 

lifetime risk 

Percentage of all 

cancers 

Breast cancer 8 230 1:27 21.78% 

Cervical cancer 5 735 1:42 15.17% 

Cancer of unknown primary* 1 691 1:124 4.47% 

Colorectal cancer 1 620 1:134 4.29% 

Cancer of the uterus 1 256 1:145 3.32% 

Lung cancer 936 1:195 2.48% 

Non-Hodgkin’s lymphoma 870 1:296 2.30% 

Malignant melanoma 755 1:311 1.00% 

Kaposi sarcoma 669 1:555 1.77% 

Cancer of the oesophagus 650 1:326 1.72% 

* Origin of cancer in the body is unknown. 

1.1.2. Hallmarks of cancer 

Cancer is characterized by unique hallmarks when compared to normal, healthy 

cells (Figure 1). These include, amongst others, uncontrolled replicative potential, 

evasion of death signals, altered metabolic status, invasiveness and increased 

mutation frequency.(9)  
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Figure 1. The original six hallmarks of cancer, highlighting molecular differences from healthy 

cells that contribute to cancer formation.(9) 

1.1.2.1. Sustained proliferative signalling 

One of the most fundamental traits of cancer is its ability to maintain 

proliferative capabilities. In healthy tissue, the production and release of 

growth-promoting signals are regulated carefully, which control entry into and 

progression through the cell growth and division cycle. This process guarantees a 

homeostasis of cell number to maintain normal tissue architecture and function. 

However, in cancerous cells, such signals are dysfunctional, which give cells the 

ability to grow unchecked. Large parts of enabling signals are delivered by 

growth factors, which combine with cell-surface receptors to activate 

proliferation and growth.(10) 

1.1.2.2. Evading growth suppressors 

To assist with indefinite proliferation, cancer cells evade anti-growth signals that 

decrease proliferative capacity. In such a way, tumour suppressor genes are 

rendered dysfunctional or poorly expressed. Many tumor suppressor genes have 

been identified by their characteristic inactivation in animal and human cancer 

models, which work in various ways to prevent cell growth and proliferation. For 

example, the retinoblastoma-associated (RB) and p53 proteins are encoded by 

two prototypical tumor suppressor genes, which are central control nodes 

moderated by two key complementary cellular regulatory circuits to mediate 

proliferation, senescence and apoptosis.(11)  

1.1.2.3. Resisting cell death 

Cancer cells further possess the ability to avoid cell death mechanisms when 

detected. Apoptosis includes both upstream regulators and downstream 
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effectors. The upstream regulators are divided into two major pathways (the 

intrinsic program and extrinsic program).(12) Both can stimulate the activation 

of inactive pro-caspases 8 and 9, which induce cell death via effector caspases. 

Effector caspases oversee the execution phase of apoptosis. Signals are 

controlled by pro- and anti-apoptotic proteins (Bcl-2 family). Typically, Bcl-2, 

Bcl-xL, Bcl-w, Mcl-1 and A1 inhibit apoptosis through the binding to and 

suppression of two pro-apoptotic triggering proteins (Bax and Bak), which 

prevent the mitochondrial release of cytochrome c. Cytochrome c in turn 

activates caspases to induce apoptosis. Bax and Bak have protein-protein 

domains (BH3 motifs) that share similarity with those on some Bcl-2-like 

proteins. The activities of proteins (BH3-only protein) of the Bcl-2 subfamily, 

which contains a single BH3 motif, are connected to the cellular-abnormality 

sensor.(12, 13) A DNA damage sensor acts with the p53 tumour suppressor 

protein, which stimulates expression of the Noxa and Puma BH3-only protein to 

increase the level of DNA breaks. If survival signals are not enough, it can induce 

apoptosis by BH3-only protein (Bim). Cancer cells evade cell death pathways 

using such strategies. Cancerous cells can decrease expression or function of p53 

suppressor genes, thus preventing removal of the cell after DNA damage has 

occurred. They can also increase the expression of anti-apoptotic regulators or 

survival signals, and inhibit extrinsic ligand-induced death circuits.(14, 15) 

1.1.2.4. Enabling replicative immortality 

Normal cells die after a certain number of divisions. Cancer cells bypass this 

restriction and thus indefinitely replicate. This restriction is caused by two 

observed barriers to proliferation: senescence (cells are non-proliferative but 

viable) and crisis (cell death). During cell proliferation, repeated division leads to 

senescence and then, for those cells that succeed in avoiding senescence, to crisis 

phase. Cells that obtain the ability to indefinitely proliferate are said to undergo 

immortalisation. Telomeres, which are multiple tandem hexanucleotide repeats, 

are used to protect chromosomes during division, and shorten as cells proliferate. 

At such times, chromosomes become unstable and cell death is induced. The 

number of cellular generations is decided by the length of telomeric DNA. When 

telomeres lose their capacity for protection, it triggers cells to enter into crisis. 

Cancer cells obtain the capacity to maintain enough of the telomere’s length to 

avert triggering senescence or apoptosis, which is induced by increasing the 

expression of telomerase or obtaining an alternative recombination-based 

telomere.(16, 17) 

1.1.2.5. Inducing angiogenesis 

During embryogenesis, vasculature develops in two ways. Firstly, vasculogenesis 

is the birth of new endothelial cells, which can assemble into tubes. Secondly, 

angiogenesis allows for the sprouting of new vessels from the original. Normally 

the vasculature remains largely quiescent. However, angiogenesis is activated 
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transiently during wound healing and female reproductive cycling in adults. 

Cancer cells induce angiogenesis and keep it active for large periods of time to 

continuously form new blood vessels for the supply of oxygen and nutrients, and 

to remove metabolic waste and carbon dioxide.(18) 

1.1.2.6. Activating invasion and metastasis 

Cancer cells can relocate to other organs or invade neighbouring tissues through 

a process called metastasis. The associated cancer cells appear altered in their 

shape and in their attachment to other cells and the extracellular matrix. One of 

the most significant alternations is the loss of E-cadherin expression, which is the 

key adhesion molecule for cell-cell adhesion. E-cadherin allows for assembly of 

epithelial cell sheets which induces quiescence through establishing adherent 

junction with adjacent epithelial cells. In cancer cells, E-cadherin is typically 

down-regulated, allowing for metastasis.(19, 20) The process of invasion and 

metastasis is summarized as a series of individual steps. The process arises from 

local invasion into adjoining stromal tissue. Cancer cells upon arrival at a 

arteriole can intravasate into blood or lymphatic vessels, and transit through the 

lymphatic and hematogenous system before escaping from the lumen of vessels 

into other tissues (extravasion). Cancer cells can remain dormant in this tissue 

(micrometastases). Finally, the micrometastatic lesions can be activated to 

proliferate and grow into macroscopic tissue (colonization).(21, 22) 

1.1.2.7. Inflammatory microenvironment 

An inflammatory component is present in the microenvironment of most 

neoplastic tissues. Key characteristics of cancer related inflammation include the 

infiltration of white blood cells, presence of tumor-associated macrophages, the 

presence of polypeptide messengers of inflammation, and the occurrence of 

tissue remodelling and angiogenesis.(23) 

The ability of cancerous cells to mediate their own proliferation remains a 

characteristic problem when dealing with treatment. Such proliferation occurs 

due to alterations of, among others, the cell cycle. 

1.2. The cell cycle 

1.2.1. Introduction 

The cell cycle is a continuous and discrete process whereby cells grow, and 

ultimately divide into two identical daughter cells. The cell cycle is categorized 

into the interphase, mitosis, and cytokinesis (Figure 2). The interphase is divided 

into three phases, namely the gap 1 (G1)-, synthesis- and gap 2-phase.(24) 

During the G1-phase, diploid (2N) cells grow and synthesize proteins required 

for DNA synthesis. Chromosomes replicate and divide during the S-phase to form 
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identical sister chromatids held together by a centromere. During the G2-phase, 

tetraploid cells (4N) continue to grow and produce proteins necessary for 

cellular division. Upon completion of the G2-phase, cells transition to the mitosis 

phase (M-phase). The latter is further divided into four phases: prophase, 

metaphase, anaphase, and the telophase. In prophase, chromosomes condense 

and the nuclear membrane disappears. Centrioles separate and take position at 

opposite poles of the cell, while spindle fibers form and radiate toward the center 

of the cell.(25) In metaphase, spindle fibers connect the centromere of each 

sister chromatid to the opposite poles of the cell.(26) During anaphase, sister 

chromatids separate to opposite sides of the cells, while in telophase, 

chromosomes uncoil. A nuclear envelope forms around the chromosomes at each 

pole of the cell and spindle fibers dissolve. Cytokinesis generally follows the end 

of the M-phase to divide cells with a membranous cleavage furrow to create two 

identical daughter cells.(25)  

 

Figure 2. A graphical representation of cellular cycling.(27) 

Cells may at times exit the cell cycle into a quiescent, gap 0 (G0)-phase. During 

the G0-phase, cells are metabolically active, but do not replicate. If required, cells 

may re-enter the cell cycle to continue their proliferation, such as when damage 

has occurred to an organ system.(24) Each specific phase of the cell cycle is 

tightly controlled by a variety of different factors to ensure that all processes are 
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finished before the next phase is commenced, such as cyclin-dependent kinase 

(CDK) regulation, restriction points and checkpoints.(28) 

1.2.2. Cell cycle regulatory components 

The cell cycle is a tightly regulated discrete system, in which systematic 

progression is controlled by various factors and checkpoints. Cyclins are a family 

of proteins that regulate the progression of the cell cycle by activating 

cyclin-dependent kinases (CDKs) upon complexation. These complexes are 

critical in the induction of active cycling factors. Cyclin-dependent kinases 

activate cycling factors on serine or threonine using adenosine triphosphate 

(ATP) as a phosphate donor.(29) Each phase is under control by different 

cyclin/CDK pairs (Figure 3).(30) There are at least nine CDKs and more than 

twelve cyclin families described. The most prominent cyclin/CDK complexes are 

cyclin D/CDK4(6), cyclin E/CDK2, cyclin A/CDK2, and cyclin B/CDK1 (cdc2). 

Cyclin D1, D2, and D3 cooperate with CDK4 and CDK6, and are critical for 

progression through the early G1 phase. Cyclin D/CDKs work in collaboration 

with cyclin E/CDK2 to allow for transition into the S phase. At this junction cells 

reach a restriction point,(31) which assesses whether cells have all requirements 

for further progression.(32) Cyclin E/CDK2 controls progression into the S–

phase, after which cyclin A/CDK2 promotes the completion thereof. Further 

cellular cycling is dependent on CDK1 in association with cyclin A and B, which 

allows for G2-phase transition and completion of the mitosis and cytokinesis 

phases. Cyclin-dependent kinase inhibitors (CKIs) bind and inactivate 

Cdk/cyclin-pairs, which serve as brakes to halt cell cycle progression under 

unfavorable conditions.(33)  

 

Figure 3. Cell cycle regulatory components determined to be altered in human cancers.(34) 
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Cyclin-dependent kinase inhibitors are divided into two groups based on their 

structures and CDKs specificity. The Ink4 family members, such as p16 (Cdkn2a), 

p15 (Cdkn2b), p18 (Cdkn2c) and p19 (Cdkn2d), reduce activity of CDK4 and 

CDK6. The Cip/Kip family members, such as p21 (Cdkn1a), p27 (Cdkn1b) and 

p57 (Cdkn1c), broadly regulate the activity of cyclin D-, E-, A- and B-dependent 

kinase pairs.(35) Cyclin-dependent kinases, cyclin and CKI family members 

regulate transcription, DNA damage repair, proteolytic degradation, epigenetic 

regulation, metabolism, stem cell self-renewal, neuronal functions and 

spermatogenesis.(36)  

p53, also known as TP53 or tumor protein 53, is the protein that manages the 

cell cycle and suppresses tumor formation. p53 protects cellular stability by 

inhibiting genome mutation. The name originates from its molecular mass: 53 

kilodalton fraction of cell protein.(37) The p53 protein was identified in 1979 by 

co-immunoprecipition of p53 with T-antigen in SV40-transformed cells.(38) 

There are three functions for p53: growth arrest, DNA repair and apoptosis. 

Activation of p53, which in turn promotes apoptosis of tumour cells, is 

considered to be a key mechanism of action of several chemotherapeutics (such 

as doxorubicin) and DNA repair proteins. When DNA gets damaged, p53 binds 

DNA, which can in turn activates the expression of genes encoding for p21. In 

such a way, p21 interacts with a cell division-stimulating protein (Cdk2 and Cdc 2) 

and arrests cells in the G0/G1 and G2/M phase for DNA repair proteins to rectify 

damage. If DNA damage is irreparable, p53 will initiate apoptosis.(39) p53 

cannot bind to DNA effectively after mutation, thus the p21 protein is not 

expressed by genes to act as an anti-growth signal. Therefore, cell division goes 

uncontrolled and tumours are formed.(40) 

1.3. Breast cancer 

1.3.1. Introduction 

Breast cancer, as the name suggest, is a cancer originating from breast tissue.(41) 

The signs of breast cancer include a lump in the breast, a change in breast shape, 

dimpling of the skin, fluid secretions from the nipple and a scaly patch of skin.(42) 

Breast cancer has become one of most aggressive cancer in the world, which 

occurs in 22.9% of female cancer cases. Breast cancer leads to 458,503 cancer 

deaths worldwide, which includes 13.7% of cancer deaths in women and 6% of 

cancer deaths for both male and female in 2008.(43) In 2012, 1.68 million cancer 

case and 552,000 deaths were due to breast cancer.(44) Breast cancer is heavily 

linked to age. Only 5% of all breast cancer cases are diagnosed in women under 

40 years old. The factors of breast cancer development involve female sex, 

obesity, lack of physical exercise, drinking alcohol, hormone replacement therapy, 

ionizing radiation, old age and family history. The two methods by which breast 

cancer is diagnosed include biopsies and the presence of a lump. If the cancer has 

spread into other tissues, further tests are used(45). Fortunately survival rates of 
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breast cancer are as high as 80% in the UK and 90% in the US, with a survival 

rate of more than five years.(46)(47) 

1.3.2. Diagnosis 

1.3.2.1. Histopathological examination 

Histopathological examination is the primary method to classify breast cancer. 

Based on the whether the cancer arises in the epithelial lining, ducts or lobules, 

breast cancer may be defined as ductal and lobular carcinoma. Based on the 

invasion of the carcinoma, breast cancer is further classified as carcinoma in situ 

or invasive.(48) 

1.3.2.2. Grading of breast cancer cells 

Cellular differentiation is an important process that allows to differentiate their 

shape, cellular characteristics and function for various organ systems. Cancer 

cells lose differentiation during transformation and immortalization. 

Classification includes well differentiated (low grade), moderately differentiated 

(intermediate grade) and poorly differentiated (high grade).(49) 

1.3.2.3. Staging breast cancer 

The approach to staging breast cancer relies on the TNM system (T: the size of 

tumour; N: whether or not cancer has spread into lymph nodes; M: whether or 

not cancer has metastasized). Stage 0 refers to pre-carcinoma or marker 

conditions such as ductal carcinoma in situ or lobular carcinoma in situ. Stage 1 

to 3 includes cancer within breast or regional nodes, while stage 4 refers to 

cancer that has spread into the bloodstream and metastasized, as well as 

presents with a less favorable prognosis.(50) 

1.3.2.4. Receptor status 

Diagnosis using receptor status depends on whether breast cancer cells express 

estrogen receptor (ER), progesterone receptor (PR) and human epidermal 

growth factor receptor 2 (HER2). Breast cancer lacking any of these receptors is 

referred to as triple-negative breast cancer (TNBC).(51)  

The ER are nuclear receptors that are activated by estrogen.(52) 

Estrogen-activation of the ER receptor may result in signal transduction via two 

pathways: “genomic” and “nongenomic”. In the genomic pathway, estrogens 

permeate into the cell and bind to nuclear ER. The nuclear estrogen-ER complex 

binds to the estrogen response element sequences directly or with 

protein-protein interaction by activator protein 1 or SP1 sites in the promoter 

region of estrogen-responsive genes, which leads to recruitment of coregulatory 
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proteins (such as, coactivators and co-repressors). This action regulates the 

mRNA level and subsequent protein production and physiological responses.(53) 

The non-genomic pathway is faster, and takes seconds or minutes in comparison 

to the genomics pathway’s hours for signal transduction. The non-genomic 

pathway targets ER located in the plasma membrane or adjacent to the 

membrane, or through other non-ER membrane associated estrogen-binding 

proteins. Activation increases Ca2+ or nitric oxide levels, and promotes kinase 

function.(54)  

The PR is a ligand-activated transcription factor member of the steroid hormone 

receptors (SR) subfamily of nuclear receptors. PR includes two main isoforms (A 

and B), which are created from the same gene through alternate translational 

start sites (PR-B includes full-length, however, PR-A is an N-terminally truncated 

version). Once progesterone binds to the PR, dimerization occurs, leading to DNA 

binding and subsequent transcription.(55)  

HER2 is a member of the epidermal growth factor receptor family, which has 

tyrosine kinase activity. After dimerization occurs upon ligand binding, 

transphosphorylation of the intracellular tyrosine residues take place, and 

initiates a variety of signalling pathways (e.g. proliferation).(56) 

The ER, PR and HER2 play a role in the growth of breast tissue (and ultimately 

cancer). These receptors generally promote the growth of cancerous tumors; 

most types of breast cancer show positive expression for one or more receptors. 

Contrary to other types of breast cancer, such as ER-positive subtypes, TNBC lack 

these receptors and therefore treatment is more problematic. Chemotherapeutic 

drugs can block attachment of hormones to their respective receptors to block 

proliferative signals, but this cannot be done in TNBC.(57) Estrogen is implicated 

in the development of breast cancer due to accumulation in the epithelium.(58) 

Stimulation of the ER by estrogen leads to proliferation of mammary cells. The 

increase in cell division and DNA synthesis leads to the risk for replication errors 

and detrimental mutations, which disturb the standard cellular processes such as 

apoptosis, cellular proliferation and DNA repair. Alternatively, estrogen 

metabolism results in the generation of genotoxic by-products, which can 

destroy DNA and leads to point mutations. Research indicates that estrogen 

might initiate and promote breast cancer through both a proliferative- and 

metabolite-based mechanism.(59) Even though progesterone also plays an 

important role in breast tumorigenesis, anti-estrogen therapy has become the 

standard treatment to treat ER-positive cancer.(60) Most HER2-based research 

has been done in breast cancer, which was found to promote mammary 

carcinogenesis in vitro and in vivo.(61, 62) The HER2 receptor belongs to the 

epidermal growth factor receptor (EGFR) family, which main four members: 

HER1 (EGFR, ErbB1), HER3 (ErbB3) and HER4 (ErbB4), respectively. Each of 

these receptors include an extracellular bind domain, a single 

transmembrane-spanning domain and a long cytoplasmic tyrosine kinase 
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domain.(63) The HER receptor is monomer on the cell surface. Generally, binding 

of ligands to their extracellular domains induce receptor dimerization and 

transphosphorylation of their intracellular domains. The HER2 receptor has no 

identified ligand and prefers entering an activated state constitutively or n 

heterodimer formation with other HER members, such as HER1 and HER3. 

Receptor homo- or heterodimerization leads to the activation of downstream 

signalling pathways associated with the autophosphorylation of tyrosine 

residues within the cytoplasmic domain. These signalling pathways include the 

mitogen-activated protein kinase (MAPK) pathway, 

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), and protein kinase C 

(PKC) pathway, which results in cell proliferation, survival, differentiation, 

angiogenesis and invasion.(64) The HER signalling pathways normally regulate 

cellular programs during development and post-natal life. However, its 

deregulation is relative to pathogenesis of several human tumours. 

Overexpression of HER2, enhancing and prolonging signals that trigger cell 

transformation andproliferation, has a causal role in the promotion of 

carcinogenesis. The absence of the auto-inhibited conformation explains, at least 

in part, this HER2 transforming potential. Amplification and/or overexpression 

of HER2 have been reported in malignancies, such as breast, ovarian, prostate, 

colorectal, pancreatic and gastric cancers.(65)  

1.3.3. Management 

The therapeutic approach for treating breast cancer is based on several factors, 

including those of the patient and molecular typing of the cancer itself. Surgical 

resection of the primary tumor along with associated chemotherapy, radiation 

therapy or both is currently the standard of care for the treatment of hormone 

receptor-positive cancers. For metastatic and advanced stages of breast cancer, 

monoclonal antibodies (such as trastuzumab and pertuzumab against HER2) and 

other immune-modulating therapies are applied.(66) There are three main 

categories of drugs for adjuvant breast cancer treatment after surgery. 

1.3.3.1. Hormone blocking therapy 

Estrogen acts as a growth factor in ER-positive breast cancer which means that 

estrogenic blocking drugs are effective in inhibiting cancer cell growth. These 

agents function by i) directly bind to the ER (such as tamoxifen), prevent 

stimulation of the receptor, or ii) by decreasing the production of estrogen (e.g. 

aromatase inhibitors such as anastrozole or letrozole).(67) Aromatase inhibitors 

are only used for female patients after menopause. Active aromatase in 

postmenopausal women is different from the normal structure in premenopausal 

women, thus these agents don't inhibit the predominant aromatase in 

premenopausal women.(68) 
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1.3.3.2. Chemotherapy 

Chemotherapy is commonly used to treat progressive breast cancer (stage 2-4) 

or ER-negative tumours. Such treatments are often provided as combinations for 

3-6 months. One of the most prevalent combinations is cyclophosphamide and 

doxorubicin (a.k.a. AC).(69) Taxane drugs such as docetaxel are sometimes 

added (a.k.a. CAT) to this treatment. Otherwise, CMF is used, consisting of 

cyclophosphamide, methotrexate and fluorouracil. The main mechanism by 

which these drugs work is to reduce proliferation via the induction of DNA 

damage and blockage of the cell cycle. These treatments target highly 

proliferative cells.(70)  

1.3.3.3. Monoclonal antibodies 

The HER2 receptor initiates cellular growth and division after stimulation by 

growth factors such as epidermal growth factor. Trastuzumab, a monoclonal 

antibody that binds to HER2, blocks its stimulation resulting in decreased 

growth of breast cancer cells. However, the disadvantages of trastuzumab are its 

high cost and the presence of serious side effects such as heart damage.(71)  

1.4. Triple-negative breast cancer 

1.4.1. Introduction 

Triple-negative breast cancer (TNBC) is a subtype of breast cancer characterized 

by cells lacking ER, PR and HER2 expression. About 10-20% of breast cancers are 

found to be triple-negative. Most TNBCs exhibit a basal-like phenotype. Within  

African-American and Hispanic women below the age of 50, TNBC is more 

common than in other groups.(72) About 80-90% of TNBC are defined as 

invasive ductal carcinomas while the rest are apocrine, lobular, adenoid cystic, 

medullary, or metaplastic.(73, 74) TNBC patients have an increased risk of 

lymphocytic infiltrations and present with higher grades and larger tumours. 

Furthermore, there is a four-fold increase in the incidence of distant metastases, 

which is associated with a shortened survival frequency for patients.(75) 

Metastases often occur in the lung and central nervous system. Approximately 

15-30% of patients with TNBC are diagnosed with brain metastases.(76, 77) 

There is a strong underlying genetic aetiology for TNBC, where 15% of cases are 

linked to mutations in BCR1 and BCR2.(57) 

Prognosis is poor due to the aggressive nature of TNBC, and the lack of targeted 

therapy due to the inability to target the three aforementioned receptors.(78, 79) 

Currently, no specific markers have been identified that distinguish these 

tumours and therefore no targeted therapy is available.(57)  
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1.4.2. Treatment modalities 

Treatment of patients with TNBC includes surgery and radiotherapy (first-line 

option), as well as chemotherapy, or a mixture thereof.(80) Therapy targeting 

receptors such as ER, PR and HER2 are ineffective, however, some cytotoxic 

agents (Figure 4) display efficacy against TNBC, such as anthracyclines e.g. 

doxorubicin or epirubicin, and taxanes.(81) 

As stated before, cancer cells sustain proliferative growth. Normally, the major 

target of cytostatic drugs is the cell cycle, which prevents further cycling and thus 

reduces proliferation. Such cytostatic therapies target cancer growth by selective 

interference with proliferative pathways, however, do not necessarily cause 

direct cytotoxicity.(82) Resistance to chemotherapy is an ever-present risk and 

has become the main factor of failure in patients with advanced and inoperable 

cancer. One of the most prominent reasons for this occurrence is the selectivity of 

cytostatic antineoplastic drugs against proliferative cells. Due to this, cancerous 

cells that remain dormant are not targeted, and thus may re-enter the cell cycle 

after treatment.(34, 83-85) There are currently no optimal treatments for TNBC, 

however, some studies have addressed chemotherapy before surgery, referred to 

as neoadjuvant therapy, which may be an option.(86)  

  

Figure 4. Potential agents for treatment of triple negative breast cancer.(87)  

Table 3. The therapeutic options for treatment of triple-negative breast cancer. 

Name Classification Mechanism of action Examples 

Microtubule stabilizers 
Cytotoxic 

chemotherapy 

Microtubule stabilizers polymerize 

tubulin in the microtubule to 

inhibit cell division.(88) 

Taxanes and 

ixabepilone 
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Name Classification Mechanism of action Examples 

Anthracyclines 

Anthracyclines prevent RNA 

synthesis through insertion 

between base pairs of the 

DNA/RNA strand, thus inhibiting 

proliferation.(89) 

Doxorubicin 

and 

epirubicin 

Platinums 

Platinum agents create inter- or 

intra-strand double-stranded DNA 

crosslinks to inhibit the appearance 

of the replication fork, inhibiting 

proliferation.(90) 

Cisplatin 

Poly (ADP-ribose) 

polymerase (PARA) 

inhibitors 

Targeted 

therapy 

PARA repairs single-stranded DNA 

breaks that occurred during the cell 

cycle.(91) The PARA inhibitors 

inhibit the repair of single-strand 

breaks in the cell cycle.(90) 

Olarparib and 

BSI-201 

Angiogenesis inhibitors 

Vascular endothelial growth factors 

(VEGF) are expressed to a higher 

degree in TNBC than in 

non-TNBC.(92) Angiogenesis 

inhibitors prevent the formation of 

new blood vessels by deterring 

VEGF activity.(90) 

Bevacizumab 

Epidermal growth 

factor receptor 

inhibitors 

EGFR is highly expressed in TNBC, 

which links to a poor prognosis and 

response to chemotherapy.(93-95) 

The EGFR inhibitors prevent cancer 

cell division. 

Cetuximab 

and lapatinib 

Tyrosine kinases (TKs) 

inhibitors 

TKs (including the Src and Abl 

family and c-Kit) appear 

over-expressed, and affect breast 

cancer metastasis. The TK 

inhibitors prevent cellular division 

by blocking intracellular TK 

activity.(90) 

Dasatinib and 

pazopanib 
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Name Classification Mechanism of action Examples 

Mammalian target of 

rapamycin (mTOR) 

inhibitors 

mTOR plays an important role 

during the 

phosphatidylinositol-4,5-bisphosph

ate 3-kinase (PI3K)-protein kinase 

B (Akt)-mTOR pathway, which is 

directly related to cellular 

quiescence and proliferation. The 

overexpression of Acyl-CoA 

synthetase 4 (ACSL4), which is a 

protein encoded by ACSL4, 

regulates arachidonic acid 

metabolism an can lead to 

overactivity of the PI3K-Akt-mTOR 

pathway in breast cancer. Such 

mTOR inhibitors prevent cellular 

proliferation and growth by 

inhibiting ACSL4 expression, thus 

reducing PI3K-Akt-mTOR 

activation.(96, 97) 

Rosiglitazone 

and ACSL 4 

siRNA 

Statins 

Statins inhibit the conversion of 

3-hydroxy-3-methylglutary-coenzy

me (HMG-CoA) to mecalonate 

through the cholesterol synthesis 

pathway, which has been found to 

have a beneficial effect against 

cancer proliferation.(87) 

Lovastain, 

fluvastatin, 

simvastatin 

and 

atorvastatin 

1.4.3. Doxorubicin 

Doxorubicin (Figure 5) belongs to the anthracycline class of antibiotics and is one 

of the first compounds developed for alternative tumour treatment. Compared to 

other antracyclines, doxorubicin has a higher efficacy against solid tumours, 

especially breast cancer.(98) Due to its stable structure and high treatment 

potential, doxorubicin is considered one of the most effective agents against 

cancer by the Food and Drug Administration.(99) Doxorubicin limits cell division, 

resulting in slower disease development. However, cardiotoxicity is a limiting 

side effect for its use.(100) Doxorubicin can intercalate with DNA to inhibit both 

DNA and RNA polymerase, thus reducing DNA replication and RNA 

transcription.(101) 



 

 16 

 

Figure 5. Chemical structure of doxorubicin.(102) 

Additionally, it has been shown to bind to topoisomerase enzymes I and II. By 

stabilizing the topoisomerase II complex, resealing of the DNA double helix after 

unwinding during replication is inhibited, which halts replication.(103) Blocking 

of cells in the G1- and G2-phases of the cell cycle will eventually lead to apoptosis 

if DNA damage cannot be repaired.(104) These mechanisms are controlled by 

pharmacogenes that regulate DNA repair mechanisms and the cell cycle (TOP2A, 

MLH1, MSH2, TP53, and ERCC2 genes), and thus are good candidates for 

anticancer lead development. (105)  

Doxorubicin may also generate free radicals, which promote damage to cellular 

membranes, DNA and protein (Figure 6).(103) As doxorubicin is oxidized, 

semiquinone, an unstable metabolite, is formed. Semiquinone is converted back 

to doxorubicin during a reaction that releases reactive oxygen species, which 

promotes the oxidation of cellular constituents, induces oxidative stress, and 

triggers apoptosis.(106) The candidate pharmacogenes to regulate this pathway 

include those regulating oxidation such as NADH dehydrogenases, nitric oxide 

synthases, xanthine oxidase, and those capable of deactivating the free radicals 

i.e. glutathione peroxidase, catalase, and superoxide dismutase.(107, 108)  
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Figure 6. A graphical representation of candidate genes involved the pharmacodynamics of 

doxorubicin in cancer cells.(109) Abbreviations: ABCC1 - ATP binding cassette subfamily C 

member 1; ABCC2 - ATP binding cassette subfamily C member 2; ABCB1 - ATP binding cassette 

subfamily B member 1; ABCG2 - ATP binding cassette subfamily G member 2; CAT - 

chloramphenicol acetyl transferase; ERCC2 - excision repair cross-complementing rodent repair 

deficiency, complementation group 2; GPX1 - glutathione peroxidase 1; MLH1 - MutL homolog 1; 

MSL2 - MutS homolog; NFKB1 - nuclear factor kappa subunit 1; NOS3 - nitric oxide synthase 3; 

NQO1 - NAD(P)H dehydrogenase (quinone) 1; RALBP1 - RalA binding protein 1; ROS - reactive 

oxygen species; SLC22A16 - solute carrier family 22 member 16; SOD2 - superoxide dismutase 2; 

TOP2A - DNA topoisomerase 2-alpha; TP53 - tumor protein p53; XDH - xanthine dehydrogenase. 
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1.5. The solid tumour microenvironment 

In epithelial tumours, cells are contained within a three-dimensional (3D) space 

in close contact with one another. In these tumours, the homeostatic regulation 

and growth of blood vessels are impaired in the core of the tumour, generating a 

gradient of nutritional and oxygen supply. To grow in these poorly vascularized 

tumour areas, cells adapt to this unsuitable metabolic microenvironment (Figure 

7B).(110) Cells in these poorly vascularised regions are more likely to be 

dormant or exhibit reduced growth rates when compared to cells located in close 

proximity to blood vessels.(9, 111) 

This differential environment within a tumour is poorly reconstituted in the 

standard two-dimensional (2D) culture platforms used in primary anticancer 

drug screening assays. This results in a poor correlation between efficacy in 

pre-clinical screening and ultimate effectiveness of drugs in in vivo settings. 

 

Figure 7. The relation between the tumour microenvironment and blood vessels. (A) 

Diagrammatic representation of tumour cells and the extracellular matrix (ECM) surrounding a 

capillary. (B) Schematic representation of the gradient of oxygen concentration (pO2: dashed line) 

and of pH (dotted line) in relation to the nearest tumour blood vessel.(83) 

1.5.1. Disadvantages of traditional drug screening platforms 

Two dimensional monolayer cultures have been used for decades in 

high-throughput drug screening assays (Figure 8).(112) Unfortunately, these in 

vitro results generally do not translate well into an in vivo or clinical system, 

leading to inaccurate predictions of clinical effects. The standard pathway for 

drug development currently starts with screening of candidate compounds in a 

2D culture-based assay, further in vitro evaluation, preclinical testing in model 

organisms and eventual clinical trials in human subjects. Using this methodology, 

a success rate of less than 10% is achieved, with many compounds not passing 
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phase III clinical trials, resulting in loss of investments.(113, 114) To ameliorate 

this financial and time loss, more representative initial cell models need to be 

developed to more accurately predict compound efficacy at an early stage. The 

reason for this failure of early prediction of clinically-relevant molecules lies in 

the cell culture method employed in most screening assays. Most assays are 

based on liquid overlay cultures on a flat surface. Cells use cytoskeletal 

adjustments to adapt to this environment, which leads to abnormal polarity, cell 

metabolism and protein expression. Furthermore, they lack the characteristic 

extracellular matrix of these cell types in an in vivo setting.(115) As such, 2D 

models cannot mimic the complex and dynamic microenvironment of in vivo 

structures due to the lack of proper cell-cell and cell-matrix interactions. Thus 

they lose tissue architecture which is responsible for mechanical and chemical 

cues. It is therefore essential to develop cell culture models that can accurately 

represent tumours. This will allow for a more representative milieu of the 

cancerous environment with better prediction of drug efficacy in preclinical 

assessments.(116) 

 

Figure 8. Cellular growth in the two-dimensional model. 

1.5.2. Multicellular tumour spheroids 

Three-dimensional cancer cell cultures imitate the organization of native tumour 

tissues in vivo. In 3D systems, cells are induced to aggregate by adhering to one 

another using cell-cell adhesion.(117) Gradients of nutrient delivery, oxygen 

transfer, waste removal and proliferation are evident in multicellular tumour 

spheroids (MCTS).(34, 85) Large multicellular tumour spheroids (MCTS; >200 

μm in diameter) display three distinct regions, including a proliferative 

periphery region, a viable but quiescent intermediate region, and necrotic core 

(Figure 9).(82, 117) The process of MCTS formation includes three steps: (i) 

separated cells move closer to constitute the loose aggregates due to long chain 

ECM fibres with multiple RGD (tripeptide Arg-Gly-Asp) motifs, which can 

combine with the integrin on the cell membrane; (ii) expression of cadherin 

increases on the cellular membrane due to the cell-cell interaction; (iii) cells 

move together to form solid aggregates and constitute MCTS because of 

homotypic cadherin-cadherin binding (Figure 10).(118) Multicellular tumour 

spheroids have been used as models for various experimental studies on 

Cells Medium 
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radiotherapy, chemotherapy, radioimmunotherapy, cell- and antibody-based 

immunotherapy, hyperthermia, gene therapy, and photodynamic treatment. 

Multicellular tumour spheroids serve as the basis for the microenvironmental 

regulation of proliferation, viability, energy metabolism, nutrient metabolism, 

invasion, cell-cell interaction, and extracellular matrix composition.(92)  

 

Figure 9. The structure and microenvironment of multicellular tumour spheroid.  

 

Figure 10. The formation of multicellular spheroids.  
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Multicellular tumour spheroids have important advantages for chemotherapeutic 

assessments. MCTS recreate the morphological and functional features of the 

tumour in vivo so that they may serve as more representative models.(112, 

119-122) The intricate micromilieu that has been shown to exist in tumours and 

MCTS is mostly absent in monolayer cultures. These spheroids create gradients 

of oxygen, nutrients, metabolites, and soluble signals. Due to the differential 

availability of such factors, heterogeneous cell populations arise (necrotic, 

quiescent and proliferative cells) with a well-defined geometry and physiological 

cell-cell and cell-extracellular matrix interactions in the spheroids.(90, 123, 124) 

To further improve the spheroid system, co-cultures with cell types regularly 

found in in vivo tumour environments can be done to generate more complex, but 

physiologically relevant, cultures.(125, 126)  

1.6. Aim 

The aim of the study was to investigate the potential use of a 3D culture system 

for future compound screening by investigating the effect of the known 

anticancer compound (doxorubicin) on the cell cycle of BT-20 triple-negative 

breast carcinoma cells in a 2D and 3D model of cell growth. 

1.7. Objectives  

The objectives of the study are: 

 To establish reproducible BT-20 spheroids.  

 To compare the basal growth characteristics of BT-20 cells grown in both 

monolayer and spheroid culture systems in terms of: morphology, live-dead 

status, protein content, cellular conversion, acid phosphatase activity, and 

cell cycle kinetics. 

 To determine the effect of doxorubicin on growth characteristics of BT-20 

cells grown in monolayer and spheroid cultures with reference to: 

morphology, live-dead status, protein content, acid phosphatase activity, cell 

cycle kinetics and p53 expression  
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Chapter 2 

Materials and methods 

For this study, ethical clearance was obtained from the Research Ethics 

Committee of the Faculty of Health Sciences, University of Pretoria (Appendix I; 

REC 214/2017). All reagents used, as well as the preparation thereof and 

relevant recipes, are listed in Appendix II. 

2.1. Culture protocol of the BT-20 cell line 

The BT-20 triple-negative breast carcinoma cell line (ATCC® HTB-19TM) was 

gifted by the Department of Physiology, University of Pretoria (originally 

obtained from Cellonex, Johannesburg, South Africa). Cells were cultured in 75 

cm2 cell culture flasks and maintained in a 1:1 mixture of Dulbecco’s Modified 

Eagle’s Medium (DMEM) and Ham’s F12 nutrient medium supplemented with 1% 

nonessential amino acids, 1% L-glutamine, 100 U/mL penicillin, 100 U/mL 

streptomycin and 10% heat-inactivated foetal calf serum (FCS). Cells were grown 

at 37℃ in a humidified atmosphere with 5% CO2. Cells were grown to 70% 

confluence, washed with sterile phosphate-buffered saline (PBS) and harvested 

using trypsinisation. Detached cells were centrifuged (Beckman Allegra X-14/R 

Series Benchtop Centrifuge, Beckman Coulter) at 200 g for 5 min, and the cell 

pellet was resuspended in 1 mL 10% FCS-fortified medium. The cellular 

concentration was determined using the trypan blue (0.1% w/v) exclusion assay 

and a haemocytometer. Cells were diluted to 4 x 105 cells/mL in 10% 

FCS-supplemented medium. 

2.2. Seeding of cells as monolayer and spheroid cultures 

The liquid overlay technique is a simple and cost-effective technique to culture 

MCTS.(127) By creating a low-attachment surface with agarose, cells cannot 

attach to the culture surface, and thus rather attach to one another. This allows 

for self-assembly into a 3D structure (128, 129) with individual assessment 

possible due to isolated growth.(130)  

Cellular monolayers were cultured by seeding 4 x 104 cells (100 µL cells/well) 

into sterile 96-well plates. Plates were incubated overnight to allow for 

attachment to the surface of the plate.  

Spheroids were cultured using a modified version of the liquid overlay technique 

as described previously.(127) Standard operating procedures were optimized by 

the Department of Physiology as part of an ongoing study, and were replicated in 

this study with an increased cell number. Prior to seeding of cells, 70 μL sterile 1% 
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agarose (w/v in medium) was pipetted into 96-well plates while rotating the 

plate gently to allow for proper coverage. Plates were allowed to cool down so 

that an agarose plug was formed at the bottom of the plate. Cells (100 µL) were 

pipetted onto the agarose plugs to achieve 4 x 104 cells/well, with an additional 

aliquot of 100 µL 10% FCS-supplemented medium added to each well. Plates 

were incubated for four days, after which 100 µL medium was exchanged daily 

with fresh medium. Spheroids were cultured for ten days. To assess spheroid 

characteristics, the following endpoints were assessed: size and volume, protein 

content, metabolic activity and viability. 

2.3. Microscopic evaluation of spheroid size and volume 

Spheroids were observed by phase contrast microscopy using an AxioVision 

phase contrast light microscope (Zeiss, Jena, Germany) on days 4, 7 and 10 using 

a 5X objective. The diameter of each spheroid was measured in ImageJ (National 

Institute of Health and the Laboratory for Optical and Computational 

Instrumentation).(131) The volume calculated using the following formula 

(132): 

𝑉𝑜𝑙𝑢𝑚𝑒 =  
4

3
𝜋

1

8
𝑑3, where d is the diameter of the spheroid.  

2.4. Fluorometric determination of metabolic capacity of monolayer and 

spheroids cultures 

Resazurin conversion is a simple, efficient and reliable method to test cellular 

metabolic capacity as a surrogate for viability. The dye is not cytotoxic, thus cells 

can be used for further experiments post-analysis. Resazurin is a blue, weakly 

fluorescent molecule, however, when reduced to resorufin by viable cells in 

cytoplasm, it is converted to a pink, highly fluorescent molecule (Figure 11), 

which is the irreversible reaction and mediated by intracellular diaphorase 

enzymes.(133)  
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Figure 11. Resazurin is converted by metabolically active cells to the fluorescent product, 

resorufin.(134) 

An aliquot of medium (100 µL) of monolayer and spheroid cultures was replaced 

with 100 µL resazurin (60 µM; diluted in PBS), and the plate incubated for 2 h. 

Blanks contained resazurin alone. A 100 µL aliquot of the supernatant of each 

well was transferred to a white microtiter plate, and the intensity measured at an 

excitation and emission wavelength of 544 nm and 590 nm, respectively, using a 

FLUOstar Optima fluorometer (BMG Labtech, Heidelberg, Germany).  

2.5. Spectrophotometric determination of protein content of monolayer 

and spheroids cultures 

The bicinchoninic acid (BCA) protein assay is one of the most widely used 

methods to assess protein content. Copper ions (Cu2+) in an alkaline medium are 

reduced to Cu+ by proteins, which then react with two BCA molecules to form a 

purple complex.(135) 

Monolayer cultures were washed twice with 100 µL PBS and collected through 

trypsinisation. Spheroids (N = 5-8) were harvested using a pipette tip, combined 

and washed twice with 1% FCS-supplemented PBS. Collected cells and spheroids 

were lysed in 50 µL radio-immunoprecipitation assay (RIPA) buffer for 30 min in 

a sonicator (40 KHz; Bransonic 52, Branson Cleaning Equipment Co.) with ice. 

Lysates were stored at -80℃ until needed. 

Reagent A (50 parts, containing 0.1% [w/v] sodium bicinchoninate, 2% [w/v] 

sodium carbonate decahydrate, 0.16% [w/v] sodium tartrate dihydrate, 4% [w/v] 

sodium hydroxide and 0.95% [w/v] sodium bicarbonate, pH = 11.25) and 

reagent B (1 part, 4% [w/v] copper sulfate pentahydrate) were mixed prior to 

experimentation. Lysates were centrifuged (Beckman Allegra X-14/R Series 

Benchtop Centrifuge, Beckman Coulter) at 16 000 g for 10 min. Into 96-well 

plates, 5 µL sample and 195 µL BCA working solution was added. Samples were 

either PBS (blank), bovine serum albumin (BSA) standard (five half-dilutions of a 

1 000 μg/mL), or lysate. Plates were covered with film and incubated for 30 min 

at 37℃. The absorbance was measured at 562 nm with an ELX800 microplate 

reader (Bio-Tek Industries, Inc). 

2.6. Determination of viability status of cells in monolayer and spheroids 

cultures 

Cell viability assessment was performed by using a dual staining method staining 

viable and deceased cells. Fluorescein diacetate (3’6’-diacetyl-fluorescein) (FDA) 

(excitation/emission=493/510 nm) is a colourless compound which enters 

viable cells where it is hydrolysed to the highly fluorescent compound, 

fluorescein.(86) Propidium iodide (PI) (excitation/emission=540/625 nm) is a 
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membrane impermeant dye that is excluded from viable cells, but can enter cells 

with compromised cell membranes; as such, PI enters apoptotic or necrotic cells 

where it binds to double-stranded DNA by intercalating between base pairs.(136) 

Therefore, viable cells will fluoresce at 488 nm while non-viable cells will 

fluoresce at 562 nm.(137)  

Monolayer cultures were seeded into 6-well plates at 1 x 106 cells/well and 

allowed to attach overnight. Spheroids (4, 7 and 10 days) were washed with 1 mL 

PBS and transferred to a 24-well plate. Monolayer and spheroid cultures were 

washed twice with 1 mL PBS, and stained with 1 mL staining solution (4 µg/mL 

FDA; 3 µg/mL PI) for 4 min at 37℃. Samples were washed twice with PBS and 

observed using a fluorescence microscope (Zeiss, Jena, Germany) in 1 mL PBS. 

The filter sets for FDA and PI are FITC and Taxe filters.  

2.7. Flow cytometric determination of cell cycle of monolayer and 

spheroid cultures 

Cellular monolayers were cultured in 6-well plates for 24 h. Attached cells were 

collected through trypsinisation and centrifuged at 200 g for 5 min.  

Spheroids were transferred to a 1.5 mL tube, washed with PBS and dissociated 

by trypsinisation (5 min) and aspiration with a pipette. Monolayer cells and 

dissociated spheroids were washed twice with 1 mL PBS supplemented with 1% 

FCS. Cells were fixed by adding 3 mL cold 70% ethanol drop-wise under agitation. 

Fixed cells were incubated overnight at 4℃, after which they were centrifuged at 

200 g for 5 min and the supernatant discarded. Cells were stained with 1 mL PI 

staining solution (containing 40 µg/mL PI, 100 µg/mL DNA-free RNase and 0.1% 

Triton X-100) for 40 min and analyzed flow cytometrically (Beckman FC500 flow 

cytometer, Beckman Coulter) using FL3 (excitation: 488 nm, emission: 620 nm).  

2.8. Analysis of the cytotoxic effect of doxorubicin on BT-20 cells in 

monolayer and spheroid cultures 

2.8.1. Measurement of monolayer cell density 

The effect of doxorubicin on cell density was determined using the 

sulforhodamine B (SRB) staining assay according to Voigt et al. (2005). The SRB 

assay is a widely used method for in vitro cytotoxicity screening. The assay relies 

on the ability of SRB to bind protein components of cells that have been fixed to 

tissue-culture plates by trichloroacetic acid (TCA). Sulforhodamine B is a 

bright-pink aminoxanthene dye with two sulfonic groups that bind to basic 

amino-acid residues under mild acidic conditions, while dissociating under basic 

conditions. As the binding of SRB is stoichiometric, the amount of dye extracted 

from stained cells is directly proportional to the cell mass.(138) 
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Monolayer cultures (as seeded in Section 2.2) were treated with 100 µL negative 

control (medium), vehicle control (0.2% dimethyl sulfoxide [DMSO]), positive 

control (1% saponin) or doxorubicin (half-log dilutions of 40 µM) prepared in 

FCS-free medium. Blanks containing 200 µL medium alone (5%-FCS 

supplemented) were used to account for background noise. Plates were 

incubated for 72 h, after which cell density was determined. Cells were fixed with 

50 L cold 50% TCA overnight at 4℃. Plates were rinsed with running tap water, 

and 100 µL SRB solution (0.057% [w/v] in 1% acetic acid) added to each well for 

30 min. Plates were washed three times with 100 µL acetic acid (1% [v/v]) and 

allowed to dry at 40℃. Bound dye was dissolved in 200 µL Tris buffer (10 mM, 

pH 10.5). The optical density was measured by using an ELX800UV microplate 

reader (Bio-Tek) at 540 nm (reference 630 nm). All values were blank subtracted, 

and the cell density expressed as a percentage of the negative control. The 

inhibitory concentrations reducing 25% (IC25), 50% (IC50) and 75% (IC75) of 

growth were calculated using non-linear regression. 

2.8.2. Exposure of monolayer and spheroid cultures to doxorubicin 

Spheroids (day 4) were exposed to the IC25 (1.4 µM), IC50 (3.6 µM) and IC75 (11.75 

µM) of doxorubicin as determined in 2D for 72 h, and assessed for changes in size 

and volume (Section 2.3.), metabolic activity (Section 2.4.), acid phosphatase 

activity (APH; Section 2.8.3.), protein content (Section 2.5.), cell viability staining 

(Section 2.6), cell cycle kinetics (Section 2.7.) and p53 expression (Section 2.8.4.). 

Monolayers were exposed and measured similarly for comparison. 

2.8.3. Alteration to acid phosphatase activity of exposed monolayer and 

spheroid cultures 

Various cytotoxicity assays are available for the investigation of a drug’s effect on 

cell cultures,(139-142) however, the APH assay has been described to be a low 

labour alternative for spheroid assessments. The APH assay has been used in 

both monolayer and spheroid studies, where the product absorption is 

proportional to the viable cell number in the range of 103 to 105 monolayer 

cells(143) and offers high linearity.(144) During the resazurin reduction assay, 

the fluorescence of resorufin wasn’t detected in spheroid cultures, thus the APH 

assay was used as a surrogate to measure cell viability. The APH assay is based 

on the quantification of intracellular APH activity. Cytosolic APH in viable cells 

hydrolyses p-nitrophenyl phosphate to p-nitrophenol, of which absorption is 

proportional to the viability of cells (Figure 12).(89)  
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Figure 12. Representation of the cytosolic APH catalysed reaction.(89) 

Monolayer and spheroid cultures were washed with 100 µL PBS. Spheroids were 

transferred to clear 96-well plates in 100 µL PBS. An aliquot of assay buffer (100 

µL; 0.1 M sodium acetate, 0.1% Triton-X-100 and 0.2% p-nitrophenyl phosphate) 

was added to each well, and incubated for 90 min at 37℃. After incubation, 10 µL 

of 1 M sodium hydroxide was pipetted into each well to stop the reaction. The 

absorption was measured at 405 nm using an ELX800UV microplate reader 

(Bio-Tek).  

2.8.4. p53 expression of exposed monolayer cultures and spheroids 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blotting are widely used to assess protein expression levels. Protein 

lysates are separated by gel electrophoresis based on molecular weight. 

Separated proteins are transferred to a membrane. Antibodies targeting p53 are 

added to visualise only p53 protein using chemiluminescence.(145)   

Laemmli sample buffer (50 µL) was added to 50 μL lysate, after which it was 

heated for 5 min at 100℃. A Criterion TXG Stain-Free gel (Bio-Rad Laboratories, 

Johannesburg, South Africa) was placed inside an electrophoresis chamber, 

which was filled with running buffer. Lysate (10 µg protein as determined by BCA 

assay) or 5 μL stain-free standards were pipetted into wells. The gel was initially 

developed at 60 V and then at 200 V until the dye front reached the bottom of the 

gel. The gel was removed from the electrophoresis chamber and washed with 

deionized water to remove SDS. The image of the gel was observed with a 

ChemiDoc MP (Bio-Rad, California, USA). Proteins were blotted onto 

polyvinylidene fluoride (PDVF) membranes using a Trans-Blot Turbo Instrument 

(Bio-Rad, California, USA). The gel was placed on top of the membrane and 

covered with the top pad. The sandwich was rolled to remove air bubbles, the lid 

placed on the cassette, and the instrument locked. The cassette was placed into 

the Trans-Bolt Turbo Instrument, and the transfer was performed for 7 min. 

After transfer, the membrane was blocked with 3% BSA in Tris-buffered saline 
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Tween-20 (TBST) for 30 min. The mouse anti-p53 antibody (Celtic Diagnostics, 

South Africa) was diluted (1:1000) in in 15 mL blocking buffer. The membrane 

was incubated with the primary antibody overnight at 4℃ on a shaker. The 

membrane was washed five times with 20 mL TBST for 5 min. A secondary 

antibody conjugated to horseradish peroxidase (goat anti-mouse) (Celtic 

Diagnostics, South Africa) diluted in 15 mL blocking buffer (1:5000) was added 

to the membrane and incubated for 1 h. The membrane was washed five times. 

The membrane was placed into a ChemiDoc MP, and 800 µL Clarity Western ECL 

substrate added onto it. The reaction was developed for 5 min. After visualisation 

of the protein bands, the membrane was washed with 20 mL TBST five times and 

stained for β-actin (mouse; Bio-Rad, California, USA) as above. p53 expression 

was expressed as fold difference relative to β-actin expression. 

2.9. Statistics 

Data is stored in the Department of Pharmacology for a minimum of 15 years on 

at least two digital mediums. All experiments were conducted with intra- and 

inter- triplicates. Data was compiled in Microsoft Excel (Word 2010) and the 

result expressed as the mean ± standard error of the mean (SEM). Statistical 

analysis was done using GraphPad Prism 5.0 (Prism Software). Kruskal-Wallis, 

with a post-hoc Dunn’s test was used to assess differences between 

concentrations. Histagram plots of propidium iodide distribution were divided 

into regions for sub-G1, G0/G1, S and G2/M using CXP Analysis. Western blot 

results were analysed using Image Lab. Flow cytometric and Western blot results 

were compared using two-way ANOVA. A p < 0.05 was considered significant.   
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Chapter 3 

Results 

 

3.1. Growth characteristics of BT-20 spheroids  

3.1.1. Spheroid structure, size and volume 

The spheroid model established by Dr Iman van den Bout in the Department of 

Physiology (University of Pretoria) was adjusted slightly in terms of cell number 

used. The BT-20 cell line displays a long doubling time of 51 h,(146) thus 40 000 

cells per well were used to establish a sufficiently large spheroid to be used 

within the experimental time. Monolayer cultures attached to the plate surface 

after overnight culturing. Morphological assessment using both light microscopy 

and cell viability staining indicated no observable detriments to cell growth, and 

thus cultures were considered healthy for downstream biological assessments. 

BT-20 cells were successfully grown both as monolayer (Figure 13A) and 

spheroid cultures (Figure 13B-D). BT-20 cells grew unhindered on agarose for 

four days, which led to the formation of reproducible, compact spheroids (Figure 

12B). At seven and ten days after plating, spheroids decreased in size but their 

shape remained consistent (Figure 13C, D). An increase in loose cells and cellular 

debris was observed over the ten days of culturing. In comparison to the 

spheroids obtained on day 4 (volume = 0.36 mm3), the volume decreased to 0.27 

mm3 at day 7, and 0.23 mm3 at day 10 (Figure 14).  

 

Figure 13. Representative images about the morphology of cells grown as a monolayer culture 

and spheroids (5X objective). A) Monolayer culture 24 h post-seeding; spheroids at B) 4-, C) 7- 

and D) 10-day post-seeding. 
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Figure 14. Volume of spheroids over the 10-day culturing period. Day 4 = 0.36 ± 0.03 mm3; day 7 

= 0.29 ± 0.04 mm3; day 10 = 0.23 ± 0.09 mm3. Significance is based on comparisons between day 

4 and other culturing days. * p<0.05, *** p<0.001 (N = 9).  

3.1.2. Metabolic capacity of spheroids  

The conversion of resazurin to resorufin was used to measure cell viability with 

cellular metabolism as surrogate marker. Although an increase in resorufin 

fluorescence was detected in monolayer cultures (relative fluorescence intensity 

[RFI]: 1234), little fluorescence was observed for spheroids throughout the 

culture period (RFI: 11.82 to 29.45) (Figure 15). Given the lack of fluorescence, 

suspicions of lack of permeation of resazurin into the spheroid or lack of 

conversion to resorufin was assessed using fluorescence microscopy. Spheroids 

exposed to resazurin were observed to fluoresce under microscopy (Figure 16). 

 

Figure 15. Metabolic capacity of monolayer and spheroid cultures measured as relative 

fluorescence intensity of 2D (1 234±156.3), 4-day (29.45±11.98), 7-day (11.82±10.9) and 10-day 

(25.5±16.09) spheroids (N=12). 
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Figure 16. A representative image of spheroid exposed to resazurin indicating localisation and 

lack resorufin release into surrounding media (5X objective). 

3.1.3. Viability staining of spheroids 

Fluorescein diacetate (green fluorescence) and PI (red fluorescence) staining 

was used to determine the viability of spheroids. Cells grown as a monolayer 

culture did not display noticeable signs of PI staining, while strong fluorescein 

staining was observed (Figure 17A). Spheroids grown for four days displayed a 

broad outer layer of intense green fluorescence, while the central core was 

devoid of fluorescence (Figure 17B). At the same time, PI staining was absent in 

the broad outer region positive for fluorescein, but intense staining was confined 

to the central spheroid core. Surprisingly, spheroids grown for seven and ten 

days no longer had a central core displaying PI fluorescence. Instead, a gradient 

of fluorescein was present throughout the spheroid with a thin outer layer most 

fluorescent and the rest of the spheroid displaying lower but visible fluorescence 

(Figure 17C,D).  
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Figure 17. Representative images about viability of cells grown as a monolayer culture and 

spheroids using fluorescein diacetate-propidium iodide live-dead staining (5X objective). A) 

Monolayer culture 24 h post-seeding; spheroids at B) 4-, C) 7- and D) 10-day post-seeding. The 

white arrow indicates increase propidium iodide staining in the spheroid, suggesting a necrotic 

core. 

3.1.4. Protein content and acid phosphatase activity of spheroids 

Protein content is an important parameter to monitor the growth of cells over a 

period of time, and thus is seen as a surrogate for viability. In the traditional 2D 

drug screening, cells are seeded for 24 h to allow for attachment to the plate 

surface prior to treatment. For the purposes of the study, spheroids were grown 

for four days prior to exposure. As such, baseline characteristics of the culturing 

environment prior to exposure were determined.  

Comparison was done between the baseline pre-exposure culture periods for 

both models. Monolayer cultures were lysed and protein content measured as 

16.90 µg/well. Protein contents of spheroids from day 4 to day 10 were 9.60, 

9.86 and 10.03 µg/well (Figure 18). Although spheroid protein content increased 

by ~0.43 µg/spheroid over the six days of culturing, this was not a significant 

increase. 
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Figure 18. Protein content of cells grown in monolayer culture and spheroid model. 2D = 16.90 ± 

6.93 μg/well; day 4 = 9.60 ± 2.22 μg/spheroid; day 7 = 9.86 ± 1.14 μg/spheroid; day 10 = 10.03 ± 

1.02 μg/spheroid; N=9. 

Acid phosphatase activity of spheroids did not change significantly during the 

culturing period (Figure 19). 

 

Figure 19. Acid phosphatase activity of cells grown as a monolayer culture and spheroids. 2D = 

2.01 ± 0.61; day 4 = 1.34 ± 0.17; day 7 = 1.41 ± 0.11; day 10 = 1.3 ± 0.34; N=9. 

When APH activity is normalised to protein content of each culturing 

environment, no significant difference is seen between any of the samples (2D: 

0.12 absorption/μg; day 4: 0.14 absorption/μg; day 7: 0.14 absorption/μg; day 

10: 0.13 absorption/μg ). 
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3.1.5. Cellular kinetics of spheroids 

The majority of cells collected at day 0 as a monolayer culture were in the 

G0/G1-phase (81.65%) (Figure 20, Table 4). Percentages of G0/G1-phase in 

monolayer and spheroids were significantly higher than other phases (p < 0.05). 

During growth as spheroids, a similar trend was observed for cells in the S- and 

G2/M-phase (~4 and ~7%, respectively), however, the G0/G1-phase cells 

decreased slightly as the sub-G1 phase increased. In comparison to day 4 of 

culture (12.50%), day 10 presented with 20.55% cells in the sub-G1 phase 

(Figure 20, Table 4). 

 

Figure 20. Cellular kinetics of cells grown as a monolayer culture and spheroids. Significance is 

based on comparisons between G0/G1 phase and the rest of phases in each group, **** p<0.0001, 

N=6. 

Table 4. Percentage of cells in each phase of the cell cycle in the monolayer culture and 

spheroids. 

Culture Sub-G1 (%) G0/G1-phase (%) S-phase (%) G2/M-phase (%) 

Monolayer 

(0 h) 
4.92 ± 2.11 74.65 ± 3.08 13.03 ± 5.60 7.15 ± 0.68 

Day 4 12.50 ± 4.22 75.08 ± 3.23 4.63 ± 1.05 7.55 ± 1.73 

Day 7 10.48 ± 3.04 77.12 ± 3.36 4.82 ± 1.02 7.75 ± 0.89 

Day 10 20.55 ± 5.11 68.90 ± 5.26 4.17 ± 1.24 6.37 ± 1.13 
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3.2. Comparison of the effect of doxorubicin in the monolayer and spheroid 

culture models 

3.2.1. Doxorubicin reduced monolayer cell density 

The cytotoxicity of doxorubicin was determined in monolayer cultures by SRB 

staining. There was no significant difference between the negative and vehicle 

control, while the positive control (saponin) decreased cell density significantly 

(p < 0.001) (Figure 21A). Doxorubicin displayed an IC25, IC50 and IC75 of 1.4 µM, 

3.6 µM and 11.75 μM after 72 h exposure in monolayers, respectively (Figure 

21B). Doxorubicin gradually induced cytotoxicity between 0.4 μM and 12.8 μM. A 

maximum reduction 89.12% cell density occurred at 32 µM. 

 

Figure 21. The effect of doxorubicin on cell density of cells grown in a monolayer culture after 72 

h. A) Controls used during the assay, and B) dose-response curve of doxorubicin over a range of 

concentrations; Significant difference relative to the cell density of the negative control. **** 

p<0.0001. N=6.  

3.2.2. Doxorubicin incurs cytotoxic morphological changes in monolayers 

at low concentrations, but requires higher concentrations in 

spheroids 

Micrographs indicate that doxorubicin treatment at the IC25, IC50 and IC75 in 

monolayer cultures were highly cytotoxic, with cells detached, floating or 

displaying elements of apoptosis (Figure 22). Spheroids treated with the IC25 and 

IC50 of doxorubicin were larger than the negative control, however, an increase in 

detached cells and/or cellular debris were observed (Figure 23). The volume of 

spheroids treated at the IC25 (0.32 mm3) and IC50 (0.27 mm3) were higher than 

the (147)negative control (0.15 mm3) (Figure 24). Only spheroids treated with 

the IC75 displayed loss of integrity and shape, with slightly decreased volume 

(0.14 mm3), and an increase in cellular debris.  
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Figure 22. Representative images about morphology of monolayer cells treated by doxorubicin 

for 72 h and negative control (5X objective). A) Negative control; spheroids treated at B) IC25, C) 

IC50 and D) IC75 concentration. All images were taken through the light microscope. 

 

Figure 23. Representative images about morphology of spheroids treated by doxorubicin for 72 

h and negative control (5X objective). A) Negative control; spheroids treated at B) IC25, C) IC50 and 

D) IC75 concentration. All images were taken through the light microscope. 

A B 

C D 

A B 

C D 
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Figure 24. Volume of spheroids treated with doxorubicin after 72 h. Negative control (NC) = 0.15 

± 0.06 mm3; IC25 = 0.32 ± 0.07 mm3, IC50 = 0.27 ± 0.08 mm3, IC75 = 0.14 ± 0.03 mm3; N=6; *** 

p<0.001 and **** p<0.0001. 

3.2.3. Doxorubicin visibly decreases cell viability in spheroids and 

permeates the spheroid 

Due to suspected interference from doxorubicin in live-dead staining, unstained 

spheroids were assessed for their ability to fluoresce in the same region of PI. 

Spheroids treated with doxorubicin displayed prominent fluorescence 

throughout the spheroid, however, fluorescence was less intense in the central 

core (Figure 25B). Doxorubicin thus does permeate the spheroid. Unfortunately, 

due to their fluorescence in a similar region of the electromagnetic spectrum, PI 

could thus not be used to determine the presence of compromised membranes. 

However, based on poor fluorescein diacetate cleavage, less viable cells were 

present suggesting cytotoxicity (Figure 25A). 

 

Figure 25. Representative images of spheroids exposed to doxorubicin at IC25 for 72 h (5X 

objective). A) Spheroid stained by FDA-PI; B) unstained spheroid displaying doxorubicin 

fluorescence.  

A B 
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3.2.4. Doxorubicin reduces protein content at higher concentrations 

Cells grown in monolayer culture displayed a significant decrease in protein 

content after treatment with doxorubicin: 28.38 µg/well, 5,51 µg/well and 3.68 

µg/well for the IC25, IC50 and IC75, respectively (Figure 26, Table 5). Protein 

content of the spheroids paralleled what was seen in micrographs (Figure 23), 

which did not differ significantly at the IC25 (9.81 µg/spheroid) and IC50 (8.03 

µg/spheroid) compared to the negative control (8.98 µg/spheroid) (Figure 26, 

Table 5). However, exposure to the IC75 decreased protein content significantly 

(p< 0.0001) by 6.51 μg/spheroid (Figure 25, Table 5).  

 

Figure 26. Protein content of cells cultured as a monolayer and spheroids after exposure to 

doxorubicin for 72 h. Significant difference relative to the protein content of the negative control 

in monolayer culture and spheroids. **** p<0.0001. N=18. 

Table 5. Protein content of cells after exposure to doxorubicin at IC25, IC50 and IC75 in the 

monolayer culture and spheroids. 

Sample Monolayer culture (µg/well) Spheroids (µg/spheroid) 

Negative control 33.89 ± 2.81 8.98 ± 0.57 

IC25 5.51 ± 2.06 9.81 ± 1.56 

IC50 3.86 ± 1.5 8.03 ± 1.34 

IC75 4.03 ± 3.01 2.47 ± 0.49 

3.2.5. Doxorubicin decreases acid phosphatase activity at higher 

concentrations 

Doxorubicin significantly decreased APH activity in monolayer cultures by 

82.40%, 97.00% and 97.77% for the IC25, IC50 and IC75, respectively (Figure 27). 

As with previous assays, spheroids were not significantly perturbed at the IC25 
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and IC50, with an increase of 10.70% and decrease of 0.73%, respectively, 

compared to the negative control. Treatment with the IC75 significantly reduced 

APH activity by 76.28% compared to negative control (Figure 27). 

 

Figure 27. Acid phosphatase activity of monolayer culture and after 72 h exposure. **** 

p<0.0001. N=9. 

Table 6. Acid phosphatase activity of cells after exposure to doxorubicin at IC25, IC50 and IC75 in 

the monolayer culture and spheroids. 

Samples Monolayer culture (%) Spheroids (%) 

NC 100.00 ± 7.781 100.00 ± 12.37 

IC25 17.60 ± 3.07 110.70 ± 12.41 

IC50 3.00 ± 0.48 99.27 ± 10.49 

IC75 2.23 ± 0.40 23.72 ± 6.96 

3.2.6 Doxorubicin blocks cells in the G2/M-phase in spheroid cultures, 

with associated DNA damage, due to p53-mediated activity 

Due to the large increase of cells in the sub-G1-phase after exposure to 

doxorubicin in the monolayer culture, the sub-G1-phase was analysed separately. 

Cells in the sub-G1 phase increased significantly (p < 0.0001) in comparison to 

the negative control in the monolayer culture. After 72 h exposure to doxorubicin, 

a 59.01%, 69.79% and 68.33% increase was noted for exposure to the IC25, IC50 

and IC75, respectively (Figure 28A and Table 7). In spheroids, the percentage of 

cells in the sub-G1 phase increased by 12.32%, 17.54% and 36.04% in 

comparison to the negative control after exposure to doxorubicin at the IC25, IC50 

and IC75, respectively (Figure 29A and Table 9).  

In the monolayer culture, doxorubicin treatment increased the amount of cells in 
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the S- and G2/M-phase similarly by 8.95% and 9.32%, respectively, for all 

concentrations (Figure 28B and Table 8). A similar trend was seen in spheroids, 

where exposure resulted in an increase on 2.32% and 9.42%, respectively, at all 

concentrations (Figure 29B and Table 10). These increases in both models were 

paralleled by a decrease of cells in the G0/G1-phase.  

 

 

Figure 28. Cell cycle phases of cells exposed to doxorubicin at IC25, IC50 and IC75 in monolayer 

culture. Significance in figure A is based on comparisons between negative control and each 

treatment group, **** p<0.0001, N=6. A) Sub-G1 phase; B) G0/G1-, S- and G2/M-phase. 

Table 7. Percentage of cells in the sub-G1 phase of the monolayer culture after exposure to 

doxorubicin for 72 h. 

Sample Sub-G1(%) 

Negative control 20.35 ± 8.50 

IC25 79.36 ± 7.26 

IC50 90.14 ± 2.67 

IC75 88.68 ± 4.54 

Table 8. Percentage of cells in the G0/G1-, S- and G2/M-phases of the monolayer culture after 

exposure to doxorubicin for 72 h. 

Sample G0/G1-phase (%) S-phase (%) G2/M-phase (%) 

Negative control 89.18 ± 1.55 5.40 ± 0.48 5.48 ± 1.36 

IC25 71.54 ± 7.22 13.54 ± 5.14 15.64 ± 5.35 

IC50 66.52 ± 7.21 15.50 ± 6.01 16.02 ± 4.55 

IC75 71.68 ± 4.79 14.02 ± 3.66 12.74 ± 2.91 
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Figure 29. Cell cycle phases of cells exposed to doxorubicin at IC25, IC50 and IC75 in spheroids. 

Significance in figure A is based on comparisons between negative control and each treatment 

group, ** p<0.01, N=5. A) Sub-G1 phase; B) G0/G1-, S- and G2/M-phase. 

Table 9. Percentage of cells in the sub-G1 phase of the spheroid after exposure to doxorubicin for 

72 h. 

Sample Sub-G1(%) 

NC 11.90 ± 0.36 

IC25 24.22 ± 13.06 

IC50 29.44 ± 10.96 

IC75 47.94 ± 13.03 

Table 10. Percentage of cells in the G0/G1-, S- and G2/M-phases of the spheroid after exposure to 

doxorubicin for 72 h. 

Sample G0/G1-phase (%) S-phase (%) G2/M-phase (%) 

NC 85.10 ± 6.15 4.70 ± 1.11 10.50 ± 5.98 

IC25 73.94 ± 3.49 7.36 ± 1.82 18.68 ± 2.75 

IC50 77.12 ± 2.84 5.00 ± 0.57 17.96 ± 2.62 

IC75 71.92 ± 5.96 4.06 ± 1.57 23.12 ± 4.60 

As doxorubicin was highly cytotoxic at the IC50 and IC75, reproducible and 

accurate results could not be obtained for p53 expression at these concentrations. 

The p53 expression was normalized to β-actin expression (as loading control). 

Compared to the negative control, the IC25 of doxorubicin increased p53 

expression by 2.6-and 1.5-fold in monolayer and spheroid cultures, respectively. 

(Figures 30 and 31, and Table 11). 
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Figure 30. A representative image about expression of p53 in monolayer and spheroid cultures 

as measured by western blot. 

 

Figure 31. Expression of p53 in monolayer and spheroid cultures after exposure to doxorubicin 

for 72 h as measured by quantitation. Values were normalised to the β-actin loading control. N=6. 

Table 11. Expression of p53 in monolayer and spheroid cultures after exposure to doxorubicin at 

IC25 for 72 h. Values were normalised to the β-actin loading control. 

Samples Monolayer culture Spheroids 

NC 0.52±0.14 0.61±0.35 

IC25 1.37±1 0.92±0.4 

PC 1.1±0.18 
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Chapter 4 

Discussion 

 

Three-dimensional spheroid culture models have been suggested as 

developmental tools for the evaluation of biological reactions in an environment 

that more closely represents the in vivo setting. Using spheroids, cancer-related 

studies may yield more accurate results during the investigation of anticancer 

drugs or molecular pathways that influence dormancy, resistance and recurrence. 

Compared to the traditional monolayer culture, MCTS offer physiological context 

which more closely represents the native tumour microenvironment.(148-151)  

In monolayer cultures, cells are seeded onto the bottom of the well plate and thus 

typically grow with little overlap onto one another; this allows cells to be 

exposed to the same environment throughout.(152) All cells thus receive the 

same concentration of nutrients and oxygen, are rid of toxic metabolites at the 

same rate, lack different characteristics and are exposed to the same drug 

concentration.(153) This is not the reality within any organism, as cells form 

complex 3D structures that allow for gradients to be established. Cells in a 

low-attachment environment cannot adhere to the plate surface, and aggregate 

onto one another to form MCTS.(117) Thus, gradients of nutrient delivery, 

oxygen transfer, waste removal, drug exposure and proliferation are established 

as cells appear in different layers.(34, 85) Although spheroid cultures are more 

time-consuming and laborious than monolayer cultures, they are advantageous 

in their representation of the in vivo environment.  

Using agarose, a low-attachment surface was created which facilitated the 

formation of reproducible, uniform spheroids four days after seeding. The BT-20 

spheroids were circular, with a rounded, compact, dense appearance that did not 

permit light transmission. As seeding allowed for an edge of water within the 

96-well plate, up to 60 spheroids could be formed from one seeding plate. Given 

their individual placement in the well, each spheroid could be individually 

assessed. Due to the robust nature of the spheroid, transferal between vessels 

was convenient and did not alter the morphology of spheroids. The liquid overlay 

method thus provided a simple way to generate large quantities of reproducible 

spheroids. Agarose was used due to its high water content and biocompatibility 

with downstream applications. The surface of agarose resists cellular adhesion, 

thus cells are forced to aggregate with one another instead.(128, 129) Adherent 

cells attach to each other via long-chain ECM fibres with multiple 

arginylglycylaspartic acid (RGD) motifs, which can combine with integrin on the 
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cell membrane.(118) The integrins, a family of cell-surface proteins, are 

receptors for cell adhesion molecules. Integrin interaction with the RGD motif 

allows for interaction of cells with the substratum and other cells.(154) Due to 

cell-to-cell interactions, membrane cadherin expression increases. As interactive 

forces increase, cells aggregates to multicellular tumor spheroids because of 

homotypic cadherin-cadherin binding.(118)  

The resazurin assay was selected to determined metabolic capacity of viable cells 

as a surrogate for cell viability,(155, 156) however, spheroids did not produce 

noteworthy resorufin fluorescence. Fluorescent microscopy proved that 

resazurin did permeate the spheroid and successfully become converted to 

resorufin. During standard assays, resorufin is effluxed into the surrounding 

medium where it can then be detected by measurement of fluorescence.(157) As 

no efflux occurred, the assay is thus not suitable for BT-20 spheroid assessment 

with plate-reader measurement. Some compact spheroids have been shown to 

display poor resorufin release due to tight junctions formation, which was 

confirmed by the addition of the chelator, ethylene 

glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), which 

destablizes cell-cell interactions due to the exhaustion of calcium.(158, 159) As 

such, live-dead staining and APH activity was used to determine cytotoxicity 

effects. 

In the present study, live-dead staining provided evidence of different zones of 

proliferation and viability. The data in this assay suggest that early after spheroid 

formation a necrotic zone with PI-positive and FDA-negative cells is present. 

However, after further culturing this zone is usurped by viable cells. At least early 

on, spheroids do display different zones including a viable outer zone and a 

necrotic central zone. Fluorescein release requires metabolically-active, viable 

cells, supporting the differential cellular activity observed throughout the 

spheroid. The size of spheroids is one of the critical parameters affecting the 

distribution of oxygen and nutrients to the inner regions of the spheroids.(125) 

Numerous spheroid models have shown that an increase in spheroid size 

decreases cell viability,(160) enlarges the necrotic core,(161, 162) induces 

quiescence (162) and reduces nutrient distribution.(163) As the size of the 

spheroid decreased from day four onwards, the reduced PI fluorescence could be 

a result of improved nutritional and oxygen status in the core of the spheroid. 

Literature supports this, where a 4% decrease in spheroid diameter reduced the 

total necrotic and quiescent zone by 39.8%.(125)  

During the ten days of culturing, the size and volume of spheroids decreased, 

however, protein content and the overall shape remained stable. Lu et al. 

reported similar effects on protein content, where hepatocyte spheroids 

displayed relatively constant levels between four to eight days of culturing.(56) 

Given the stable protein content, it is suggested that compaction has occurred. 

Lin et al. monitored E-cadherin expression levels every 8 h during HepG2 
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spheroid formation, which showed an increase in expression.(118) Increased 

expression of such membrane proteins assist with the interaction of cells with 

one another, decreasing the size of a spheroid as distance reduces between them. 

As support to the compaction observed, fluorescence of fluorescein decreased 

with the passage of time in the centre of spheroids, which would suggest 

establishment of different zones of proliferation. Such factors are characteristic 

of compact spheroids. 

Acid phosphatase activity of spheroids did not change significantly during the 

culturing period, which suggested that the number of viable cells in spheroids 

were stable during the culturing period. When APH activity was normalised to 

protein content, it was shown that a similar activity spectrum was produced, 

suggesting that viability was similar between both models. 

Given the different zones formed within MCTS,(36, 82) the duration of cellular 

cycling will be different throughout the spheroid. The longest phase of the cell 

cycle is the G1 phase. During this phase, diploid cells synthesize protein required 

proteins required for DNA synthesis.(25) Nutrient, oxygen and ATP availability 

impacts on the cell cycle. In low nutrient conditions, cells proliferate slower and 

are arrested in the G0/G1-phase.(164) Analysis of the monolayer culture at 0 h 

showed that most cells were within the G0/G1 phase. Spheroid cultures 

displayed a similar circumstance, where the majority of cells were within the 

G0/G1-phase. As the PI assay cannot differentiate between cells in the quiescent 

G0-phase, it is expected that a percentage of these cells will form part of the 

dormant inner region of the spheroid.(165) Spheroids also displayed an increase 

in sub-G1-phase cells, suggesting increased DNA degradation, which would be 

indicative of cells undergoing cell death.(166) Cells in the inner regions of the 

spheroid are exposed to lower concentrations of nutrients and higher levels of 

metabolic waste, thus leading to an inhospitable environment for viable cells, 

leading to apoptosis or necrosis.(34, 85) Although the G0/G1-phase was higher 

in spheroids, the percentage of cells within the S-phase was non-significantly 

lower, with a slight trend for non-significant higher G2/M-phase cells. This 

suggests that cells have reduced proliferative capacity, which concurs with 

literature. It may further propose that quiescent cells are present within the 

spheroid. Antiproliferative drugs may have reduced efficacy within such an space 

as activity is directed towards fast-proliferating cells, and not slowly proliferating 

or quiescent cells, or those within a hypoxic environment.(167, 168) Compared 

to monolayer cultures, a low level of proliferation was observed as cells gradually 

moved from the S-phase and G2/M-phase to G0/G1-phase. It may suggest that 

quiescent cells were exhibited in the spheroids. Appearance of quiescent cells in 

the spheroids is associated with a decrease in cellular metabolism, which are 

typically not targeted by chemotherapeutic drugs. As such, spheroid viability 

may be increased as it is not susceptible to treatment. Gong et al. reported 

similar results, which indicated that the higher percentage of G0/G1-phase cells 
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represented quiescent cells in MCF-7 spheroids, with low proliferation due to 

decrease S- and G2/M-phase cells.(169) Given the results presented, spheroids 

remain viable through the course of the culturing period, and while presenting 

with reduced proliferative capacity, they do compact. Such characteristics are in 

line with that presented in in vivo settings, and as such should present with a 

greater representation that monolayer cultures. 

As the BT-20 cell line displays a doubling time of 51 h, doxorubicin cytotoxicity 

was assessed after 72 h exposure to allow for a proliferative phase to occur. The 

cytotoxicity of doxorubicin in the present study is lower than that reported in 

literature. Doxorubicin displayed an IC50 of 3.6 µM, which is 2.1-fold higher (1.74 

µM) than data obtained from the Institute of Microbial Technology, India and 

7.8-fold higher (0.459 µM) than results reported by Campiglio et al. in the same 

cell line.(170),(171) The lower cytotoxicity observed in the present study may be 

a factor of phenotypic differences due to different growth conditions between 

laboratories.  

As discussed in the literature review, doxorubicin binds to topoisomerase 

enzymes I and II, which can intercalate the base pairs of the DNA double helix 

and relax supercoils in DNA for transcription. Doxorubicin stabilizes the 

topoisomerase II complex after it has relaxed the DNA chain for replication, 

which inhibits the DNA double helix to be resealed and thus stops the process of 

replication.(103) As chromosomes replicate during the S-phase.(25) Even if 

doxorubicin is non-specific to the cell cycle, it is most active in the S-phase.(50) 

As the majority of cells assayed were present in the G0/G1-phase of the cell cycle, 

it is possible that a reduced cytotoxic effect was observed due to a short 

incubation period. Most anticancer drugs target rapidly-proliferating cells, and 

thus if not in the S-phase, will not be effective. Longer exposure may have 

incurred a greater effect as cellular cycling was achieved. 

Based on micrographs, the morphology of doxorubicin-exposed monolayer 

cultures displayed high levels of cell death, detached cells and cellular debris 

throughout all three concentrations tested. However, spheroids were less 

susceptible to doxorubicin exposure. Spheroid integrity was maintained at the 

IC25 and IC50, with few dead or detached cells surrounding the spheroid. At these 

concentrations, spheroid size increased slightly, which may suggest either an 

adaptive response towards doxorubicin, or partial disassembly of spheroids due 

to weakened cadherin interactions.(157) Chen et al. reported that E-cadherin 

was downregulated in BT-20 cells through doxorubicin at concentrations 

between 0.15 and 0.62 μM after 48 h treatment.(172) As such, reduced 

expression of such markers may have weakened cell-to-cell forces and promotes 

loosening of the 3D structure. At the IC75, spheroids reduced in size, gained less 

defined margins, and were associated with a larger degree of detached or dead 

cells, thus, doxorubicin appears that have reached a threshold effect after which 

cytotoxicity could successfully be achieved.  
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Due to doxorubicin’s fluorescence in the same region of the spectrum as PI, 

which is supported by literature,(173) it was not possible to confirm necrosis via 

such fluorescence staining. Given the fluorescent properties of doxorubicin, it is 

evident that the drug successfully permeated the spheroid, and thus the spheroid 

architecture did not prevent the drug from entering its core. Doxorubicin is 

known to permeate cells via passive diffusion(102) and disrupt E-cadherin.(172) 

However, it cannot be assumed that the concentration of doxorubicin within the 

spheroid is at an optimal cytotoxic concentration, thus it may contribute to the 

reduced toxicity observed. Further investigation is needed to determine the 

exposure level achieved within the spheroid. 

The decrease in protein content in monolayer cultures between the IC25, IC50 and 

IC75 was relatively constant. Taking the micrographs into consideration, such a 

decrease is indicative of loss of cellular material and cell death.(174) The binding 

of doxorubicin to nuclear and mitochondrial DNA may inhibits DNA, RNA and 

protein synthesis.(175) In the spheroid culture, protein contents of the spheroids 

were not decreased after treatment with lower concentrations (IC25 and IC50), 

which suggests that little cytotoxicity was observed in spheroids at these 

concentrations. However, at the IC75, a prominent decrease was noted, indicative 

of cell death. Xu et al. reported similar effects, where four drugs (galactosamine, 

propranolol, diclofenac and paracetamol) only induced significant protein 

content reductions in HepG2 spheroids at high concentrations.(169) 

During the screening of doxorubicin cytotoxicity, the decreased APH activity 

suggests high levels of cytotoxicity in monolayer cultures, which parallels the 

effects seen in other assays. However, this was only achieved at high 

concentrations in spheroids. Friedrich et al. reported similar results, in which 

HT20 and HCT-116 cells were treated with 5-fluorouracil and iriontecan in 

monolayer culture and spheroids. Cytotoxicity was observed in the monolayer 

and spheroid culture, however, a longer incubation time was needed to achieve 

this effect in the latter.(144) In comparison to the protein content assay, the APH 

assay displayed greater sensitivity towards cytotoxicity. Such an effect may 

showcase a membrane damaging effect of doxorubicin prior to alterations to 

protein content.(176) 

Most antineoplastic drugs target proliferative cells and exhibit lower levels of 

cytotoxicity in hypoxic and acidic microenvironments. Thus, cancerous cells that 

remain in the dormant status are not targeted, and thus survive treatment. 

Furthermore, once sufficient factors (such as the expression/activation of cyclin 

D/cdk4,6 complex, which is regulated by the presence of mitotic growth factor 

and triggers the re-entry of G0 cells into the G1-phase) are released, cells 

re-enter the cell cycle and exit quiescence, thus proliferation may occur once 

again. (34, 83-85) The sub-G1 phase significantly increased after exposure to 

doxorubicin, however, the increase was much more prominent in the monolayer 

cultures, which supports the decreased susceptibility of the spheroids to drug 
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treatment. Cellular debris observed during microscopy would corroborate the 

high levels of cytotoxicity noted in the cellular kinetics assay. The amount of cells 

in the G0/G1-phase during monolayer culture also decreased, suggesting 

blockage of later phases of the cell cycle. Supporting this, the G2/M-phase was 

non-significantly higher, suggesting that doxorubicin may have started incurring 

a G2-block. Given that p53 functions as an inhibitor of proliferation in the 

G2/M-transition, p53 expression was assessed. 

Following the Western blot results, doxorubicin increased p53 expression, 

however, expression was lower in spheroids than in monolayers. This suggests 

that the 3D structure decreased chemosensitivity to doxorubicin by weaker p53 

induction. He et al. reported increased expression of p53 by platinum in both 

monolayer and spheroid culture using HCT116 and LoVo cell lines, however, 

expression was lower in spheroids than that in monolayer cells due to decreased 

chemosensitivity in spheroids.(177) The p53 protein induces growth arrest by 

inhibiting the G2/M transition,(178) as was seen in the results. Doxorubicin 

increased the expression of p53 in the cells, regardless of whether the cells were 

in 2D or 3D cultures. 

Cells are arrested for DNA damage repair, however, severe DNA damage leads to 

permanent cell cycle arrest.(147) Cell cycle arrest derived from doxorubicin 

mediation can appear either at G0/G1 or G2 checkpoints and is considered to be 

mediated by p53.(178) The cyclin-dependent kinase inhibitor p21 is known to 

function as a mediator of doxorubicin-induced cell cycle arrest in these phases, 

thus doxorubicin is expected to increase p53 and p21 expression.(179-181) 

When DNA gets damaged, p53 can activate expression of genes encoding for p21. 

The p21 protein inhibits the activity of cyclin-Cdk complexes to arrest cells for 

DNA repair proteins to rectify damage. If DNA damage is irreparable, p53 will 

initiate apoptosis.(39) 

Apoptosis activated by p53 can be induced by the binding of caspase-9 to 

cytochrome C and Bax protein, which can be translocated by p53 from the 

cytoplasm into mitochondria, with consequent release of cytochrome C.(182) 

The response to DNA damage for cells is activating cell cycle checkpoints, which 

induce the temporary arrest at specific time point in the cell cycle to allow cells 

to correct possible defects.(183) There are two checkpoints available to check 

the DNA damage: one at the G1/S transition and the other one at the G2/M 

transition. The G1 checkpoint inhibits replication of damaged DNA and G2/M 

transition is prevented by incompletely replicated DNA.(184) p53 activates the 

transcription of downstream effector genes to encode for p21. The p21 protein 

inhibits kinase activity of various cyclin/cyclin-dependent kinase complexes 

(Cdk2 and Cdc2) to induce G1 or G2 arrest. (185-187) 

The key component to regulate expression of p53 is murine double minute 2 

(Mdm2) protein. The p53 protein can stimulate the expression of Mdm2 via 
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binding to two adjacent p53 binding sites (p53BS) in the mdm2 gene.(188) On 

the one hand, binding of p53 by Mdm2 can physically block the transcriptional 

activates of p53 and promote p53 ubiquitnation and subsequent proteasomal 

degradation. On the other hand, p53 can locate to p53 binding site with the 

promoter of the mdm2 gene and activate the expression of p53.(189-192) In 

normal cells, the combination between p53 and Mdm2 relies on three residues 

(Ser15, Thr18 and Ser20). The DNA damage activates the protein kinase to 

phosphorylate p53 at one of these three residues, thus disrupting its binding and 

increasing the p53 level. Although the increase of p53 promotes the expression of 

Mdm2, there is no effect from phosphorylated p53. The protein kinase can lose 

the function after DNA damage is repaired; p53 can then be dephosphorylated 

and degraded by the accelerated Mdm2. (193) 

When the cells receive the p53-activating signal due to DNA damage, cells will be 

directed to either cell death via apoptosis, or growth arrest. The main factor is 

the cellular context, which is defined by the balance of intracellular and 

extracellular signalling events. The key component in the cellular context is the 

availability of survival signals, which includes the secreted molecules as well as 

those deriving from cell-cell and cell-matrix interactions. When survival signals 

are available, p53 activation prefers growth arrest than apoptosis. p53 will more 

like to activate apoptosis in the absence of adequate survival factors.(188)  
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Chapter 5 

Conclusion 

 

5.1. Summarisation 

The aim of the study was to assess the potential of the BT-20 TNBC spheroid 

model to be used as a drug development platform for anti-neoplastic agents in 

comparison to a traditional culture system. By assessing the growth 

characteristics prior to and after exposure to doxorubicin, the reduced 

susceptibility and altered response to drug treatment was highlighted for more 

complex cellular systems (i.e. spheroids).  

Various antineoplastic drugs have displayed high efficacy against cancer cells 

using traditional anticancer screening methods, such as monolayer 

culturing.(112) However, the findings in in vitro assays do not induce the same 

function and effect as in in vivo and clinical studies, which disrupts and delays 

drug development processes. As traditionally-used cytostatic drugs mainly target 

proliferating cells, tumor cell dormancy could be a reason for the limited 

response to these compounds. Thus, it’s desirable to develop cell culture models 

that can accurately represent tumors in a laboratory setting. Multicellular tumor 

spheroids have the potential to rebuild the bridge between the in vivo and in vitro 

transition.  

The TNBC BT-20 cell line formed compact spheroids that remained viable 

throughout the ten days of culturing. Spheroids were easily manipulated, 

allowing for downstream applications. The liquid overlay method allowed for 

production of large quantities of spheroids that can be used for individual 

treatments or end-point assessments. These spheroids displayed differential 

zones of viability and metabolic activity, as shown by live-dead staining, which 

suggests that a differential response may be incurred after treatment with 

chemotherapeutic drugs. Furthermore, cellular kinetics suggests high levels of 

cells within the early growth phase of proliferation, or potential entrapment 

within quiescence.  

Spheroids displayed lower chemosensitivity to doxorubicin in comparison to 

monolayer cultures. Several reasons may exist for this, however, further 

assessment will be needed to ascertain the underlying process. Given the 

fluorescence microscopy data, doxorubicin does permeate the spheroid, however, 

it is unknown whether the exposure level is decreased. Given that proliferation is 

altered across the spheroid structure, as shown by live-dead staining and cellular 
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kinetic analysis, mechanistic actions may also be perturbed due to doxorubicin’s 

need for active replication. Damage to DNA was seen after doxorubicin exposure 

(as shown by increased sub-G1-phase cells), which supports the increase in p53 

expression, which in turn will promote cell cycle arrest to allow for DNA repair. 

In comparison to monolayer cultures, this was reduced in spheroid cultures, 

which further supports the reduced chemosensitivity of the 3D architecture.  

In conclusion, using doxorubicin as a model antiproliferative chemotherapeutic 

drug, spheroid cultures were shown to be less susceptible to cytotoxicity than 

monolayer cultures. These may be a result of reduced spheroid permeability and 

altered proliferative status. Such 3D models may result in a greater 

representation of the in vivo environment, and thus assist with reducing the 

complications involved in drug development processes. Although improvements 

can be made to the model, it provides a foundation for further development. 

5.2. Limitations and recommendations of the study 

Although the BT-20 spheroid model was characterized using surrogate markers 

of growth and viability, more evidence is needed across the full spectrum of 

culturing to determine where dynamic equilibrium is achieved. As a static model, 

perfusion characteristics are not entirely representative of the in vivo 

environment, although it is an improvement on traditional systems. Further 

characterization of the model across a longer period will ascertain where 

treatment would be most appropriate. Different culturing conditions will need to 

be assessed, such as dynamic culturing environments using bio-reactors, to 

determine the best possible method for generation of spheroids. 

The resazurin reduction assay failed to determine the metabolic capacity of 

spheroids due to the lack of resorufin release, however, use of agents such as 

EGTA may allow for a greater understanding on the cell-to-cell interactions in the 

spheroid.  

Given the compactness of the spheroids, cell-to-cell interactions are increased, 

however, upon trypsinisation, the structure was easily perturbed. This may 

suggest that greater incubation times are needed to allow for full expression of 

membrane proteins associated with adhesion. Western blotting over the culture 

period will provide evidence of when such expression takes place. 

Given the whole lysate nature of the experiments, it is unsure how diverse the 

distribution of cellular characteristics across the different zones of the spheroid 

is. Shedding of specific layers and further downstream analysis will provide data 

on how the proliferative capacity of the spheroid differs depending on depth, as 

well as the cellular viability thereof. Proteomic assessment of these layers will 

further indicate the upregulation or downregulation of prominent pathways 

involved with chemoresistance or chemosensitivity, such as those associated 
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with proliferation. This will provide further elucidation of the chemoresistance 

towards doxorubicin. Expression of drug-efflux transporters, such as 

P-glycoprotein and multi-drug resistance protein, will also further indicate 

whether doxorubicin permeation is occurring adequately to achieve 

pharmacodynamic effects. 

Only doxorubicin was used as a candidate antineoplastic drug. Further 

investigation can be done across a range of cytotoxic or cytostatic drugs to 

ascertain the appropriateness and representation of the spheroid model.  
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Appendix II: Reagent preparation 

 

Acetic acid 

Glacial acetic acid was purchased from Merck Chemicals (South Africa) and used 

undiluted. A 1% v/v acetic acid solution was prepared by diluting 1 mL acetic 

acid per 99 mL distilled water. The solution was stored at room temperature. 

Agarose 

Agarose (low electroendosmosis and low melting) was purchased from 

Sigma-Aldrich (St. Louis, USA) as a purified powder and stored at room 

temperature. A 1% solution was made by diluting 1 g per 100 mL DMEM and 

Ham F12 (1:1) mixture. 

Anti-p53 antibody 

Mouse anti-p53 (100 µL) antibody, which was monoclonal, was purchased from 

Celtic Diagnostics (South Africa), and was stored at -20℃. The antibody was 

diluted in blocking buffer (see Bovine serum albumin) at 1:1000. 

Anti-mouse secondary antibody 

Goat anti-mouse antibody (0.5 mL) conjugated to horseradish peroxidase was 

purchased from Celtic Diagnostics (South Africa). The antibody was dissolved in 

2 mL distilled water and stored at 4℃. The antibody was further diluted in 

blocking buffer at 1:5000 prior to experimentation. 

Bicinchoninic acid reagent 

Sodium bicarbonate, sodium bicinchoninate, sodium carbonate decahydrate, 

sodium hydroxide, sodium tartrate dehydrate and copper sulfate pentahydrate 

were purchased from Merck Chemicals (South Africa). Reagent A was prepared 

by dissolving 475 mg sodium bicarbonate, 500 mg sodium bicinchoninate, 1 g 

sodium carbonate decahydrate, 200 mg sodium hydroxide and 80 mg sodium 

tartrate dehydrate per 50 mL distilled water, and adjusting the pH to 11.25 using 

sodium hydroxide. Reagent B was prepared by dissolving 1.2 mg copper sulfate 

pentahydrate in 3 mL distilled water. Both solutions were stored at 4 ℃. A 

working dilution was prepared by mixing both reagents at 1:50. 

Blocking buffer 

Blocking buffer was prepared by dissolving 3 g BSA in 100 TBST solution, which 
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was stored at 4 ℃ for one week. 

Bovine serum albumin 

Bovine serum albumin was purchased from Sigma-Aldrich (St. Louis, USA) as a 

lyophilized powder and stored at 4 ℃. A 2 mg/mL working dilution was 

prepared by dissolving 2 mg per 1 mL PBS to use as the protein concentration 

standard in the BCA assay.  

A 3% blocking buffer (for Western blot analysis) was prepared by dissolving 3 g 

BSA per 100 mL Tris-buffered saline buffer. 

Dimethyl sulfoxide (DMSO) 

Dimethyl sulfoxide was purchased from Merck Chemicals (South Africa) and used 

undiluted. 

Dulbecco’s Modified Eagle Medium (DMEM) 

Powdered DMEM was purchased from Sigma-Aldrich (St. Louis, USA). A 1.04% 

solution was prepared in autoclaved, ultra-pure, pyrogen-free, deionized water 

and adjusted to pH 7.4 using sodium hydrogen carbonate obtained from Merck 

Chemicals (Darmstadt, Germany) in powder form. The solution was filtered in 

vacuo thrice (Sartorius, 0.22 μm), and supplemented with 1% 

penicillin/streptomycin. Medium was stored at 4 ℃.  

Doxorubicin 

Doxorubicin was purchased from Sigma-Aldrich (St. Louis, USA) as a powder. A 

10 mM stock solution was prepared by dissolving 5.44 mg in 1 mL DMSO. 

Aliquots (4 µL) of the stock solution was stored at -80 ℃.  

Enhanced chemiluminescence (ECL) mix 

ClarityTM Western ECL substrate mix was purchased from Bio-Rad (California, 

USA) and contained two prepared solutions. The working dilution was prepared 

prior to the assay by mixing solution A and B at a ratio of 1:1. Solution A 

consisted of 250 mM luminol, 90 mM p-coumaric acid and 100 mM Tris (pH 8.6), 

while solution B consisted of 30% v/v hydrogen peroxide and 100 mM Tris (pH 

8.6). Both solutions were stored at room temperature.  

Ethanol solution  

Ethanol was purchased from Merck Chemicals (South Africa) and used diluted. A 

70% v/v solution was prepared by mixing 70 mL ethanol with distilled water up 

to 100 mL. The solution was stored at room temperature. 
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Fluorescein diacetate solution 

Fluorescein diacetate solution was purchased from Sigma-Aldrich (St. Louis, USA) 

as a powder. 1 mL solution was prepared by dissolving 4 µg FDA fluorescein 

diacetate in 1 mL acetone. The solution was stored at 4 ℃. 

Foetal calf serum (FCS) 

Foetal calf serum was purchased from The Scientific Group (Gauteng, RSA) and 

stored at 4 ℃. The solution was used undiluted. 

Ham’s F12 nutrient medium 

Ham’s F12 medium was purchased from Sigma Aldrich (St Louis, USA) in powder 

form. A 0.96% solution was prepared in autoclaved, ultra-pure, pyrogen-free, 

deionized water and adjusted to pH 7.4 using sodium hydrogen carbonate 

obtained from Merck Chemicals (Darmstadt, Germany) in powder form. The 

solution was filtered in vacuo thrice (Sartorius, 0.22 µm), and supplemented with 

1% penicillin/streptomycin. Medium was stored at 4 ℃. 

Laemmli buffer 

A concentrated Laemmli buffer (2X) was purchased from Bio-Rad (California, 

USA) and contained 2.1% sodium dodecyl sulfate, 26.3% (w/v) glycerol, 0.01% 

bromphenol blue and 65.8 mM Tris hydrochloride (pH 6.8). The solution was 

stored at room temperature. 

Phosphate buffered saline (PBS)  

Phosphate-buffered saline was obtained from BD Biosciences (France) as FTA 

haemagglutination powder. A 0.923% w/v solution was prepared by dissolving 

9.23 g per 1 L. The solution was stored at 4 ℃. 

Propidium iodide solution 

Propidium iodide was purchased from Sigma Aldrich (St Louis, USA) as a powder. 

For live-dead staining, a 2 mg/mL stock solution was made by dissolving 2 mg PI 

in 1 mL distilled water.  

The PI staining solution used for determining cellular kinetics was prepared by 

dissolving 4 mg propidium iodide, 10 mg DNA-free RNase and 100 µL Triton 

X-100 per 100 mL distilled water. Triton X-100 and DNA-free RNase were 

purchased from Sigma-Aldrich (St Louis, USA). DNA-free RNase was added prior 

to experimentation. The solutions were stored at 4℃. 
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Radio-immunoprecipitation assay (RIPA) buffer  

Sodium chloride, sodium deoxycholate, sodium dodecyl sulfate (SDS) and 

Tris-base were purchased from Merck Chemicals (South Africa). Triton X-100 

and the protease inhibitor cocktail were purchased from Sigma-Aldrich (St. Louis, 

USA). A solution of 150 mM sodium chloride, 1% (v/v) Triton X-100, 0.5 (w/v) 

sodium deoxycholate, 0.1% (w/v) SDS and 50 mM Tris-base was prepared by 

dissolving 438.3 mg sodium chloride, 0.5 mL Triton X-100, 250 mg sodium 

deoxycholate, 50 mg SDS and 302.9 mg Tris-base in 45.5 mL distilled water. The 

pH was adjusted to 8 using sodium hydroxide and hydrochloric acid. The solution 

was stored at 4 ℃. The protease inhibitor cocktail was added at a ratio of 1:10. 

Resazurin 

Resazurin was purchased from Sigma-Aldrich (St. Louis, USA). A 10 mM 

resazurin solution was prepared by dissolving 2.99 mg in 1 mL DMSO. Aliquots 

(20 µL) were stored at -80 ℃.  

10x Running buffer 

Running buffer was purchased from Bio-Rad (California, USA) and contained 25 

mM Tris-base, 190 mM glycine and 0.1% (w/v) sodium dodecyl sulfate. The pH 

was checked and adjusted to 8.3 if necessary. To make 1 L of working buffer, 100 

mL buffer was added to 900 mL deionized water and mixed thoroughly. The 

buffer was stored at room temperature. 

Sulforhodamine B solution  

Sulforhodamine B was purchased from Sigma-Aldrich (St. Louis, USA). A 0.057% 

solution was prepared by dissolving 57 mg per 100 mL aqueous acetic acid (1%). 

The solution was stored at 4°C. 

Trichloroacetic acid (TCA) 

Trichloroacetic acid was purchased from Merck Chemicals (South Africa). A 50% 

(w/v) solution was prepared by dissolving 50 g crystals per 100 mL distilled 

water, and stored at 4 ℃. 

Tris-base buffer 

Tris-base powder was purchased from Sigma-Aldrich (St. Louis, USA). A 10 mM 

solution was prepared by dissolving 121.1 mg per 100 mL distilled water. The pH 

was adjusted to 10.5 using sodium hydroxide. 
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10x Tris-buffered saline (TBS) 

A Tris-buffered saline (TBS) solution was prepared by dissolving 24 g 

Tris-hydrochloride, 5.6 g Tris-base and 88 g sodium chloride per 900 mL distilled 

water. The solution was adjusted pH 7.6 using hydrochloric acid. The solution 

was stored at room temperature.  

Trypsin/Versene 

Trypsin/Versene solution was purchased from The Scientific Group (Gauteng, 

RSA) and used undiluted. The solution was stored at 4 ℃. 


