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Abstract 

Breast cancer is a commonly diagnosed cancer in women, with increasing diagnosis 

and mortality rates. The triple-negative sub-type of the disease is characterised by 

lack of hormone-receptor overexpression, exhibition of poorly characterised molecular 

aberrations, and treatment failure. Chemotherapy is the current mainstay; however, it 

fails to slow tumor progression, and this is partially attributed to the lack of 

characterisation of biological features that drive treatment failure. There is, therefore, 

a need to characterise the biological features of triple-negative breast cancer, in order 

to develop effective therapies against the disease. 

Researchers widely use monolayer cell culture in pre-clinical screening of anticancer 

drugs. However, the development of effective anti-cancer drugs is hampered by 

limitations inherent to these culture systems, as they insufficiently mimic the 

physiological characteristics of tumours in vivo. Spheroids have been suggested as a 

bridge to the gap between monolayers and animal models, as they combine the 

flexibility and cost-effectiveness of cell culture with the spatial and molecular attributes 

of tissue. This study aimed to grow and characterise a spheroid model of triple-

negative breast cancer with regards to growth, morphology, and drug sensitivity. 

The hanging drop and liquid overlay techniques were compared to select a method for 

growing spheroids. Spheroid growth was assessed using phase contrast microscopy 

and the bicinchoninic acid assay. Viability was assessed using the fluorescein 

diacetate (FDA)/propidium iodide (PI) assay. Haematoxylin and eosin staining were 

used for morphological evaluation. An iridium complex was used to investigate the 

induction of hypoxia. The sulphorodamine B and acid phosphatase assays, FDA/PI 

staining and phase contrast microscopy were used to assess the 72-h cytotoxicity 

effects of doxorubicin in monolayers and spheroids. Immunostaining and optical 

clearing were used to visualise the spatial distribution of the Ki-67 antigen and 

cadherins in spheroids. 
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Only cells cultured using the liquid overlay technique formed dense spheroids which 

were used for characterisation. Spheroid volume decreased from Day 4 (3.9 × 108 

µm3) to Day 10 (2.1 × 108 µm3), while protein content increased slightly (7.0 to 

8.5 µg/spheroid). The outer spheroid region had viable, well-nourished cells, while 

membrane-compromised cells were localized in the inner region. Spheroids 

developed hypoxic regions, which were not observed in monolayers. The IC25 (130 

nM), IC50 (320 nM) and IC75 (1,580 nM) for doxorubicin exhibited a dose-dependent 

cytotoxicity of monolayer cell cultures with reduced acid phosphatase activity. These 

concentrations did not alter the spheroid size or acid phosphatase activity, and only 

concentrations as high as 6 µM were successful in altering spheroid integrity. 

The attenuated response of doxorubicin in spheroids could be linked to the spatial 

heterogeneity of morphological and biochemical features of the spheroids. In vivo 

tumours are heterogeneous with respect to cellular morphology and chemical 

gradients. Spheroids, on the other hand, are considered as a robust platform for the 

in vitro recapitulation of the tumour microenvironment. Compared to monolayers, BT-

20 spheroids could be adopted as a more relevant model for screening new drugs 

against triple-negative breast cancer. However, elucidation of mechanisms underlying 

chemoresistance, is required to further characterise the model. 
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Chapter 1: Introduction 

1.1 Cancer 

The human genome is susceptible to aberrant alterations and damage; however, cell 

cycle regulatory mechanisms are present to protect or reverse such effects.1 Failure 

in cell cycle regulation results in uncontrolled cellular proliferation and loss of normal 

cell behaviour, leading to cancer.2-3 Cancerous cells in the body proliferate abnormally 

to an extent where they lose characteristics typical of their healthy counterparts. 

Ultimately, these hyper-proliferative cells may become malignant, reducing the quality 

of life of those afflicted by it, and potentially leading to mortality.4 

While the cancer incidence rates are almost twice as high in developed countries 

compared to developing countries (Figure 1.1),5 the mortality rates are only 8% to 15% 

higher in the former.6 This discrepancy in the morbidity to mortality ratio can be 

attributed to limited diagnostic tools and therapeutic resources in developing 

countries.7 Diagnosis and mortality rates of cancer are constantly on the rise. In the 

year 2012, 14.1 million new cases of cancer were identified, with 8.2 million associated 

fatalities.6 In 2018, the incidence and mortality rates of cancer escalated to 18.1 million 

and 9.6 million, respectively.5 The increase in cancer burden is attributed to the 

adoption of cancer-associated lifestyle choices including smoking,8 physical inactivity,9 

and ‘‘Westernized’’ diets.10-11 However, a betterment of lifestyle choices, early 

detection, and lowering of the currently high attrition rates of anti-cancer drugs can 

decrease the burden.12 
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Figure 1.1: A global map showing the national ranking of cancer as a cause of death in 2018.5 

Reproduced with permission from the International Agency for Research on Cancer (IARC). 

  

1.2 The hallmarks of cancer 

Abnormal proliferation may lead to the formation of tumours (the physical 

manifestations of cancer). Tumourigenesis is a multi-step process where healthy cells 

transform into a cancerous state by acquiring biological capabilities that sustain 

tumour progression.4 These capabilities coined the hallmarks of cancer (Figure 1.2),13 

include sustained proliferative signaling, evading growth suppressors, resisting cell 

death, enabling replicative immortality, inducing angiogenesis, and activating invasion 

and metastasis.4 Compounding this, several new enabling factors have been identified 

that contribute to tumourigenesis.13  
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Figure 1.2: The hallmarks of cancer cells.13 Image reproduced with permission from Elsevier, license 

number: 4513561000413.  

1.2.1 Sustained proliferative signaling 

The fundamentally outstanding feature of cancerous cells is their ability to chronically 

sustain proliferation. The signals that regulate the homeostatic growth of cells in 

healthy tissue are disrupted in cancer cells.13 Persistent proliferative signaling in 

cancer cells is achieved through several ways, such as i) the secretion of growth factor 

ligands which ultimately result in autocrine proliferative stimulation, ii) stimulation of 

neighbouring healthy cells to secrete growth factors that regulate cell cycle 

progression,14 iii) overexpression of growth receptors15 or iv) via growth factor-

independent proliferative signalling.16 
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1.2.2 Evading growth suppressors 

In addition to maintaining high proliferative rates, cancerous cells circumvent 

mechanisms that negatively regulate cellular proliferation, a phenomenon mediated 

through the inactivation of various tumour-suppressor genes.4 The two classical 

proteins encoded by the tumour suppressor genes in healthy cells are retinoblastoma-

associated (RB) and tumour protein p53 (TP53). The RB protein serves as a cell cycle 

gatekeeper through recognition of intrinsic and extrinsic cellular signals that promote 

or prevent cell cycle progression.17-18 After sensing intracellular stress signals such as 

low oxygen (O2), low nucleotide pools or subminimal glucose concentrations, the TP53 

protein mediates apoptosis and halts cell cycle progression.19 The mutation or 

functional inactivation of these two proteins in cancer enables the cells to evade critical 

growth suppressing signals that regulate normal cell division.13 

1.2.3 Resisting cell death 

Maintenance of the healthy physiology of tissue is achieved by the homeostatic 

balance between proliferation and cell death.20 Apoptosis (programmed cell death) is 

a well-studied natural barrier against the development of cancer.21 Healthy cells 

respond to stress signals by activating either the extrinsic (death receptor-mediated) 

or intrinsic (mitochondrial) apoptotic pathways. Despite cancer cells being constantly 

exposed to stress signals, such as genomic instability and cellular hypoxia, they are 

able to evade these apoptotic pathways.22 Amongst other reviewed mechanisms,23 

resistance to apoptosis by cancer cells can be achieved through overexpression of 

anti-apoptotic proteins24 and/or downregulation of pro-apoptotic proteins.25 

1.2.4 Enabling replicative immortality 

A widely-accepted notion is that cancer cells replicate unlimitedly, and as a 

consequence, develop into macroscopic tumours.13 This hallmark is distinct from the 

behaviour of non-cancerous cells, which are only limited to a number of replication 

cycles. The genomic integrity of healthy cells is maintained by specialized nucleic acid-

protein complexes known as telomeres.26 Successive cell cycle divisions shorten the 

telomeres, leading to genomic instability.27 Two lines of defence exist to prevent 

unlimited replication in healthy cells. Cells with damaged telomeres are removed 

through induction of permanent cell cycle arrest and tissue remodelling; a process 

known as senescence.28-29 When extreme telomere damage occurs, the cells go 
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through a telomeric crisis phase, which is characterised by cytogenic anomalies and 

cell death.30 In the majority of cancer cells, the telomerase enzyme lengthens the 

telomeres, allowing for the circumvention of senescence and telomeric crisis. This in-

turn enhances the limitless replicative potential, and ultimate survival of cancer cells.26 

1.2.5 Inducing angiogenesis 

Tumour cells need extensive vasculature for O2 perfusion, nutrient supply and 

elimination of metabolic waste. Tumours cannot metastasize nor grow beyond 2-3 

mm3 without sufficient vasculature.31-32 The tumour-associated neovasculature is 

generated through angiogenesis, a process that involves rapid division and migration 

of endothelial cells from pre-existing blood vessels. Hypoxia is the major driver of 

tumour angiogenesis.33 Endothelial cells are enriched with sensors of the hypoxia-

inducible transcription factor (HIF) family.31 The HIF transcription factor released from 

the hypoxic cancer cells activates genes encoding the vascular endothelial growth 

factor (VEGF), a cardinal growth factor for angiogenesis.34 In addition to HIF-mediated 

transcriptional activation, VEGF is overexpressed in various cancers through direct 

growth-signaling pathways.35 

1.2.6 Activating invasion and metastasis 

Cancer cells often migrate from their primary tumour site to both neighbouring tissue 

and distant organs; a process known as metastasis.36 Through metastasis, secondary 

tumours develop that play a major role in the morbidity and mortality related to 

cancer.36 Tumour cell invasion is an integral part of metastasis and involves 

degradation of the basement membrane and dysregulation of proteins that mediate 

cellular migration.37 Various cellular adhesion molecules play a role in the sequential 

processes of metastasis and invasion,13 with E-cadherin being one such an example. 

E-cadherin is responsible for maintaining cell-cell adhesion. Should loss of the protein 

occur in cancer, it leads to the enabling of the metastatic cascade.38 Additionally, 

molecules that are normally involved in embryogenic cellular migration, are 

overexpressed in cancer. A typical example is N-cadherin, which has been shown to 

promote metastasis through facilitating epithelial-mesenchymal transition:39 a 

mechanistic process that enhances the migratory and invasive potential of cancer 

cells.40 
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1.2.7 Enabling characteristics and emerging hallmarks of cancer 

A decade after the initial description of the hallmarks of cancer, new experimental 

evidence led to the identification and description of a new generation of cancer-cell 

capabilities, which encompass enabling characteristics and emerging hallmarks.13 The 

enabling characteristics include genomic instability, an alteration of the cells’ genome 

during successive divisions41 and tumour promoting inflammation.42 The emerging 

hallmarks involve circumvention of destruction by the immune system43 and the 

reprogramming of cellular energy metabolism.44 

1.3 Breast cancer 

Cervical, colorectal, liver, lung, and breast cancers are responsible for over half (54%) 

of the incidence burden of cancer in developing countries.45 Following lung cancer, 

breast cancer is the second most commonly diagnosed and cause of cancer-

associated deaths globally.5 In females, breast cancer is the most frequently 

diagnosed cancer, and the leading cause of cancer mortality in the majority of 

countries in the world (Figure 1.3).5 In the year 2012 alone, approximately 1.7 million 

new cases of breast cancer were identified, with 521,900 associated fatalities.6 These 

numbers have since increased, where in 2018, 2.1 million people were diagnosed with 

breast cancer and 626,679 individuals succumbed to the disease.5  

 

Figure 1.3: Global map showing the ranking of breast cancer as the most commonly diagnosed cancer 

in females per country in 2018.5 Reproduced with permission from the IARC.  
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1.3.1 Risk factors of breast cancer 

The neoplastic transformation of healthy breast cells is multifactorial. Both 

endogenous/intrinsic and exogenous/extrinsic risk factors are associated with the 

development thereof.46  

1.3.1.1 Intrinsic risk factors of breast cancer 

Although breast cancer is predominantly diagnosed in females,46 males may also be 

sporadically afflicted by the neoplasm (1% of diagnosed breast cancer cases).47 Being 

female is, therefore, an inherent risk factor for developing breast cancer. 

The age at the time of diagnosis also plays a key role in the incidence of the neoplasm. 

An increase in age is associated with a higher risk of developing the disease.48 Women 

older than 45 years are more likely to have the disease compared to younger 

individuals; it is, therefore, imperative for women to have a mammography screening 

before they reach 45 years of age.49 

Race remains a major intrinsic risk factor that influences the occurrence of breast 

cancer.50 Analysis of a Surveillance, Epidemiology, and End Results (SEER) database 

showed that the incidence (127.4 in 100,000 individuals) and 5-year survival rate 

(90.4%) of breast cancer were higher amongst Whites, compared to Blacks, who had 

an incidence and 5-year survival rate of 121.4 in 100,00 individuals, and 78.6%, 

respectively.51 

Dysfunction of various hereditary genes makes some people more susceptible to 

breast cancer. Germline mutations of the breast cancer susceptibility genes 1 and 2 

(BRCA1 and BRCA2) are commonly associated with a 65% increase in the risk of 

breast cancer occurrence.52 These genes primarily play a role of tumour suppression, 

and their dysfunction results in selective growth advantages and accelerated 

proliferation of tumours.53 

High concentrations of endogenous estrogen, as well as changes of the hormonal 

levels during maturation, also have an impact on the potential for developing breast 

cancer.46 Early menarche leads to prolonged exposure to estrogen and consequential 

development of breast cancer.54 Additionally, early-age pregnancy and due date 

delivery are known to serve a protective function against hormone receptor-positive 

breast cancer; thus, these factors could lower the risk of breast cancer.51  
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1.3.1.2 Extrinsic risk factors of breast cancer 

The risk of breast cancer can also be influenced by exogenous hormonal exposure 

and other external risk factors.46 Elucidation of the role of extrinsic factors in the 

development of breast cancer is imperative, as the number of women using 

contraceptive medication and hormone replacement therapy (HRT) is increasing.55 

The risk of breast cancer is higher in women who use contemporary contraceptives 

compared to those who do not, and the risk increases with prolonged duration of use 

thereof.56 Extensive evidence shows that use of HRT is correlated with an increased 

risk of breast cancer,57 predominantly with combination therapies containing both 

estrogen and progesterone.46,58 

Dietary habits are an additional external factor that influences breast cancer risk.59 

Foods that are rich in fat lead to weight gain or obesity, which increases the risk of 

breast cancer.60 Furthermore, the chemical entities that are added to food that act as 

colorants or preservatives can potentially augment the neoplastic transformation of 

healthy breast tissue.46 Alcohol alters the metabolism of estrogen in the liver, and, 

therefore slight consumption of alcohol could increase the risk of neoplasm 

occurrences.61 To combat this, dietary interventions, such as consuming foods rich in 

antioxidants and vitamin D, can reduce the breast cancer risk by up to 20%.62  

1.3.2 Classifications of breast cancer 

Breast cancer is a cluster of diseases characterised by distinct histopathological 

oddities, heterogeneous molecular cues and differential response to therapy.63-65 

Copious evidence suggests that breast cancers with different morphological features 

behave differently and should be approached with different treatment strategies.66-67 

For decades, clinicopathological features of tumours (e.g. stage and grade) have been 

used as a basis for classifying different types of breast cancers.68 However, 

histologically-identical cancers may behave differently and have distinct susceptibility 

to similar therapeutic approaches.67 The advent of advanced microarrays in biological 

research has led to the discovery of receptors69-70 and molecular traits71 that underpin 

the heterogeneous behaviour of different types of breast cancer. 
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1.3.2.1 Hormone-receptor classification of breast cancer 

Initially regarded as a predictor of response to therapy, expression of hormone 

receptors is now considered to be the main biological feature of breast cancers, and 

is used for molecular and prognostic taxonomy of breast cancer.71 Three common 

types of receptors are known to fuel the growth of breast cancers, namely estrogen 

(ER),70 progesterone (PR), and human epidermal growth factor receptor 2/erb-b2 

receptor tyrosine kinase 2 (HER2/ERBB2) receptors.15,72 

The hormone estrogen modulates physiological processes such as the development 

of reproductive organs and the homeostatic regulation of cardiovascular, immune, and 

central nervous system functions. These effects of estrogen are regulated by the ER, 

which primarily exists in two isoforms (ERα and ERβ).73 In ER-overexpressing breast 

cancer, binding of estrogen to the ER stimulates proliferation of mammary cells, 

leading to an increased risk of replication errors, ultimately resulting in mutations that 

are implicated in disruption of normal cellular functions such as apoptosis, and DNA 

repair. As such, drugs that either reduce biosynthesis of estrogen (aromatase 

inhibitors) or act as antagonists for estrogen (selective estrogen receptor modulators) 

are used for the treatment of ER-positive breast cancers.74 

Progesterone is another steroid hormone implicated in the pathogenesis of some 

breast cancers. Progesterone normally plays a major role in different reproductive 

processes in women, such as; embryo implantation, sexual maturation, lactation, and 

breast tissue development during puberty.75 These effects are mediated through 

interaction with two main variants of the high-affinity PR, namely the PR-A and PR-B 

isoforms.76 The PR-A isoform is involved in uterine and reproductive-associated 

functions, while the PR-B regulates breast tissue development.77 In PR-

overexpressing cancers, abnormal proliferation is achieved through both PR-mediated 

autocrine/paracrine signaling and PR-dependent transcriptional activity.78 Slow 

advancement has been made in the successful development of PR-targeted treatment 

strategies. Antiprogestins have demonstrated anti-cancer efficacy in in vitro and 

animal models,79 however, the clinical investigation of these compounds had to be 

halted due to off-target nuclear receptor binding, and consequential altered hepatic 

function.80 Next-generation antiprogestins have greater selectivity for the PR, and their 
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experimental anti-tumour efficacy has renewed the optimism for using PR targeting in 

the treatment of breast cancer.81 

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

includes the epidermal growth factor receptor, HER2, HER3 and HER4.82 The principal 

functions of this family of receptors are to promote growth, differentiation, survival, and 

proliferation. Overexpression of the HER2/ERBB2 gene plays a crucial role in the 

etiology of approximately 15% of breast cancer cases.15 This overexpression of the 

HER2 gene results in a 10- to 20-fold increase in the HER2 protein and subsequent 

expression of 2 million receptors on the surface of the tumour cell.83 The discovery of 

trastuzumab (HER2 monoclonal antibody) and other several biologics such as 

pertuzumab, lapatinib and trastuzumab emtansine has profoundly revolutionized and 

improved the clinical outcome of HER2-overexpressing breast cancer.84 

Analysis of receptor overexpression can, therefore, be used to classify the neoplasm 

into ER-positive, PR-positive, and HER2-positive breast cancer, which also assists 

with the selection of treatment modalities.71 However, some breast cancers 

overexpress none (for example, triple negative breast cancer or TNBC)85 or more than 

one of these receptors,86 and have various gene expression profiles.71 This 

necessitated the need to cluster breast cancer into subtypes that encompass and 

emphasize the molecular heterogeneity of the disease.87 

1.3.2.2 Molecular classification of breast cancer 

Profiling of DNA and RNA alterations in primary breast cancer samples has led to the 

classification of breast cancer into four intrinsic molecular subtypes; luminal A, luminal 

B, HER2-enriched, and basal-like breast cancer.88 An additional subtype known as 

normal-like is commonly described in literature, however, it is thought to arise from 

contamination of samples with non-cancerous mammary tissue.89 The four intrinsic 

subtypes have distinct histology, prognosis and hormone-receptor and gene 

expression profiles. The difference between various features of the different molecular 

subtypes is summarized in Table 1.1. 
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Table 1.1: Comparison of the intrinsic molecular subtypes of breast cancer. Table adapted from Eliyatkın et al. 2015.87 

 Intrinsic molecular subtype 

 
Luminal A Luminal B HER2 Basal-like 

Features 

Prevalence of invasive 

breast cancer 
50% 20% 15% ~15% 

Hormone-receptor 

expression 
ER+, PR+, HER2- ER+, PR+, HER2 variable ER-, PR-, HER2+ 

ER-, PR-, HER2- 

(triple-negative) 

Gene expression profile 

LMWa luminal 

cytokeratins, high 

expression of hormone 

receptor and related 

genes 

LMW luminal cytokeratins, 

medium expression of 

hormone receptor-related 

genes 

High expression of 

HER2, low expression 

of ER genes 

Basal epithelial and 

basal cytokeratin genes. 

Low expression of 

hormone receptor genes. 

Response to targeted 

therapy 

Endocrine therapy 

effective 

Endocrine therapy 

effective (less than luminal 

A) 

Trastuzumab effective 
Endocrine therapy & 

trastuzumab not effective 

Response to general 

chemotherapy 
Variable Variable 

Responds to 

anthracyclines 

Responds to PARPb 

inhibitors and platinum 

compounds 

Prognosis Good Good Unfavourable Poor 

 aLMW = low molecular weight. bPARP = Poly-ADP-ribose polymerase.  
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Of the four molecular subtypes, basal breast cancer has the worst clinical outcome 

and is associated with high proliferative rates.90 The most common feature of the basal 

subtype is the frequent lack of overexpression of the ER, PR, and HER2 receptors 

(triple-negative). The terms “basal breast cancer” and “TNBC” cannot simply be 

interchanged, as not all basal subtypes are triple-negative, and discordance of 30% 

has been described between basal breast cancer and TNBC (a separate 

sub-classification of breast cancer).91 

1.3.3 Triple-negative breast cancer 

Approximately 12 to 17%85 of breast cancer patients have TNBC. The TNBC subtype 

is immunohistochemically defined as breast cancer that has no overexpression of 

HER-2/ERBB2 and is both ER- and PR-negative. A characteristic trait of TNBC is its 

aggressive nature and high relapse rate compared to non-TNBCs.85 In a study of 1,601 

women with breast cancer, women with TNBC had a distal recurrence rate of 33.9% 

compared to 20.4% in patients with non-TNBC.92 The clinical features of TNBC are 

summarized in Table 1.2. 

Table 1.2: Clinical characteristics of triple-negative breast cancer. 

Characteristic Description Reference 

Patients at risk • Premenopausal women 

• African origin 

• Presence of BRCA1 mutation 

Newman et 

al93  

Tumour features • Lack ER, PR and HER2 

• Large, with involvement of axillary 

node 

• Rapid mitotic rate 

• Infiltrating ductal carcinoma 

Schmadeka 

et al94 

Treatment and prognosis • Sensitive to chemotherapy 

• No approved targeted drugs 

• Poor prognosis 

O’Reilly et 

al95 

 

 

 



13 | P a g e  
 

The TNBC subtype is heterogeneous, and approximately 75% of all TNBCs are basal-

like (BL). This led to the further classifications of breast cancer into six molecular 

subtypes, namely BL-1 and BL-2, immunomodulatory, mesenchymal, mesenchymal 

stem cell-like, and luminal androgen receptor.96 The molecular alterations in these 

different subtypes can, therefore, potentially be exploited in the therapeutic targeting 

of pathways implicated in TNBC.97 

1.3.3.1 Treatment of triple-negative breast cancer 

Hormone and growth factor receptor-targeted therapy is ineffective in individuals with 

TNBC due to the lack of receptor overexpression. Surgery and chemotherapy remain 

the only available treatment modalities for TNBC patients. Currently, the optimal 

chemotherapeutic strategy for the specific treatment of TNBC has not been tailored.98 

Chemotherapy approaches that are used for the treatment of other main subtypes of 

breast cancer are also used in TNBC. Adjuvant chemotherapy is recommended for 

stage I (tumour size > 0.5 cm) breast cancer,98 and neoadjuvant chemotherapy is used 

in early stages of the neoplasm with a goal of breast-conserving lumpectomy, or for 

patients who temporarily cannot undergo surgery.99 

Third-generation adjuvant or neoadjuvant regimens consisting of taxane combined 

with cyclophosphamide/anthracycline-based formulations are currently used as 

chemotherapy.85 This treatment regimen results in a higher pathologic complete 

response (pCR) in TNBC (28-30%), compared to hormone receptor-positive breast 

cancer (6.7%).99 Docetaxel and paclitaxel are examples of taxanes that are used in 

this regimen. These drugs execute their antineoplastic activity through stabilization of 

microtubule dynamics, and consequential disruption of the cell cycle.100 

Cyclophosphamide is a pro-drug that is converted through enzymatic and chemical 

activation into nitrogen mustard. This product results in inter-strand and intra-strand 

crosslinking of DNA that account for the cytotoxic activity of cyclophosphamide.101 

Anthracyclines are a class of cytotoxic compounds that are derived from antibiotics, 

and doxorubicin is a classic example.102 
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Doxorubicin remains one of the most commonly used chemotherapeutic drugs to date. 

Doxorubicin exerts its anticancer activity through inhibition of topoisomerase I and II, 

and intercalation with DNA to disrupt its uncoiling, ultimately leading to programmed 

cell death.102 The aglycone (glycoside-free) component of doxorubicin is composed of 

a tetracyclic ring with quinine-hydroquinone adjacent groups, a methoxy-substituent 

side chain, and a terminal carbonyl group. A 3-amino-2,3,4–trideoxy-L-fucosyl moiety 

forms the sugar (daunosamine) component of the drug via a glycosidic bond with one 

of the rings in the aglycone component.102 Hydrochloric acid (HCl) is added to enhance 

the solubility of the drug to form the doxorubicin-HCl salt (Figure 1.4). 

 

Figure 1.4: The chemical structure of doxorubicin hydrochloride.103 Permission for the re-use of image 

was obtained from Springer Nature. License number: 4531700037775. 

The DNA intercalation and inhibition of DNA and RNA polymerase by doxorubicin 

results in cessation of DNA replication and RNA transcription. Furthermore, 

doxorubicin may exert its antitumor effects through DNA unwinding, generation of free 

radicals which aggravates DNA damage, and inhibition of the production of 

macromolecules.102 Together with the binding of other molecular targets such as 

topoisomerase I and II, broad cytotoxic effects occur in conjunction with 

antiproliferation via various mechanisms. The anticancer mode of action of doxorubicin 

depends on the concentration, duration, and type of cancer.102  

The addition of platinum agents is currently being investigated as an alternative 

chemotherapeutic approach in TNBC. In the recent GeparSixto trial, increased pCR 

rates and long term disease-free survival were noted in patients treated with 

carboplatin compared to those treated with paclitaxel and non-pegylated-liposomal 

doxorubicin.104 In addition to this, various techniques are used to identify the molecular 

alterations in TNBC in a bid to identify and clinically peruse the efficacy of novel 
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therapeutic entities that target such aberrations.105 The molecular classification 

methods, associated novel compounds, and the currently used classical 

chemotherapeutics for TNBC are presented in Figure 1.5. 

 

Figure 1.5: Molecular alterations and associated therapeutic targeting in triple-negative breast 

cancer.105 Image reproduced with permission from Elsevier, license number: 4513560720461. 

Although conventional chemotherapy results in higher pCR, TNBC is associated with 

higher relapse rates compared to other breast cancer subtypes. This phenomenon is 

known as the triple-negative paradox, which is primarily driven by high relapse rates 

of some patients who have residual disease after chemotherapy.106 This necessitates 

the development of predictive markers in TNBC, to allow for the identification of 

patients with a high likelihood of recurring after neoadjuvant chemotherapy.106 Despite 

advancement in the characterisation of the genetic alterations and molecular drivers 

of cancer, oncology drugs are associated with higher attrition rates compared to drugs 

for other ailments.107 Though there are various reasons for these high attrition rates, 

the historical inability to efficiently translate pre-clinical research to clinical success is 

a major cause.108  
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1.3.3.2 The role of pre-clinical cancer research in drug development 

The drug development process is time-consuming and costly. It costs approximately 

1.4 billion United States dollars and takes 12 to 24 years for a single drug candidate 

to be clinically approved.109 The process begins with the identification and synthesis 

of a novel chemical with potential efficacy, followed by appropriate in vitro and in vivo 

testing to assess the biological activity and toxicity of the synthesized compound.109 

Upon collation of corroborating and satisfactory results from cell culture and animal 

studies, an Investigational New Drug Application is submitted to the Food and Drug 

Administration in the United States (or each country’s respective regulatory authority) 

before clinical trials are initiated. Clinical trials involve sequential evaluation of safety 

and dose range (phase I), efficacy and side effects (phase II), and subsequent 

recruitment of many patients to develop a wide database for efficacy and safety (phase 

III).109 Following clinical investigations, various regulatory procedures have to be 

conducted before the drug is approved for clinical use (Figure 1.6).109 

 

Figure 1.6: Stages of the drug development process.109 Image reproduced with permission from 

Springer Nature, license number: 4513561342470. 
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The attrition rates for oncology drugs are higher than those for other ailments, and 

most novel drugs fail during phase III of clinical trials. Despite various improvements 

in the execution of clinical trials, 84% of investigational breast cancer drugs are 

discontinued during clinical trials,110 therefore, drug attrition remains a major cost 

driver in drug development. Additionally, high attrition rates further aggravate the 

societal need for truly-innovative drugs that are effective against diseases without 

optimally-available treatment avenues.111 The costly and time-consuming nature of 

drug development necessitates the elucidation and consideration of intricate 

interactions of the tumour cell environment in the design and synthesis of optimally 

effective anticancer compounds.  

1.3.4 The tumour microenvironment 

The tumuoral niche consists of cellular and non-cellular components which make up 

the tumour microenvironment (TME). The main components of the TME include 

cancer-associated fibroblasts (CAFs), immune cells, blood vessels, lymphatic vessels, 

and various other components of the extracellular matrix (ECM).112 Collectively, these 

components play a substantial role in tumour initiation, growth and invasion through 

the production of different growth factors and chemokines.113 As such, identification of 

biological alterations within the TME is used in the therapeutic targeting of the key 

physiological and molecular role players in cancer.114 

A major biochemical alteration within the TME is the development of permanent or 

transient hypoxic regions due to aberrations in the neovasculature and poor blood 

perfusion.115 In a rapidly growing tumour, cells that are further from blood vessels 

receive poor O2 and nutrient supply, while those peripheral to the blood vessels are 

richly perfused. In a hypoxic environment, the tumour cells switch to glycolytic 

metabolism, which leads to the accumulation of acid in the TME.116 The products from 

the glycolytic metabolic pathway are then subsequently used by the cancer cells for 

growth. The mediated-type stromal cells within the hypoxic environment release 

signaling molecules that promote the transformation of fibroblasts into CAFs. These 

CAFs interact with the cancer stromal cells to produce a stiff ECM that supports cell 

migration (Figure 1.7).115 
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Figure 1.7: Interactions of various cell types in the hypoxic tumour microenvironment.115 Figure 

reproduced under the Wiley Creative Commons Attribution License (CC BY). 

 

In the development of anti-cancer drugs, in vitro platforms used for high throughput 

pre-clinical screening should be able to accurately produce reliable and biomedically-

relevant information.117 Considering implications of the complexity of the TME in the 

physiological attributes of cancer, it is imperative that the cellular environment of the 

in vitro cellular environment adequately recapitulates the phenotype of cells within the 

TME.118 

1.4 Monolayer cell culture 

Many groups in academia and the biomedical industry rely on the traditional, two-

dimensional (2D) cell culture model for pre-clinical drug screening.119 In this model, 

cells are grown on a flat, solid culture surface such as plastic or glass.120 This forces 

the cells to undergo cytoskeletal rearrangement attaining artificial polarity, which 

results in abnormal gene and protein expression.121 Growth and sustenance of tissue 

requires complex intercellular interactions in a microenvironment composed of various 

hormones, nutrients, growth factors, ECM components and adhesion molecules.122 In 

primary tumours, a poor blood supply results in the establishment of hormone and 

nutrient gradients, development of hypoxic regions and zonal differentiation.123 The 

cell exchange area-to-culture media ratio in 2D-models is increased, and the cells 

receive an excessive supply of O2 and nutrients. Furthermore, all cells are exposed to 

unrealistically high concentrations of drugs when conducting drug screens. Therefore, 
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the O2, hormone and nutrient gradients that are established in in vivo tumours are not 

reproduced. Moreover, cell-to-cell and cell-to-ECM interactions are not represented in 

this model. These interactions play a significant role in tumour growth-regulation, 

angiogenesis, aggression, and metastasis.124  

It is thus apparent that the 2D-model does not optimally mimic the in vivo tumour 

microenvironment, and consequently, findings from 2D-cell culture-based experiments 

can only partially be translated to in vivo models.125 Animal models provide a better 

representation of the tumour environment; however, they are more time-consuming 

and expensive to perform than cell culture for high throughput drug screening.126 In a 

bid to circumvent these experimental inconsistencies, three-dimensional (3D) models 

have been suggested as a potential bridge to the gap between 2D- and animal 

models,117,127 as shown in Figure 1.8.119 

 

Figure 1.8: Schematic showing use of 3D culture as a potential bridge between 2D culture and animal 

models.119 Image reproduced with permission from Elsevier, license number: 4513570265432. 

1.5 Three-dimensional cell culture 

Various 3D cell culture techniques exist and allow for heterogeneous cellular 

aggregates that resemble avascular tumour nodules/micrometastases or intervascular 

regions of large solid tumours with respect to micromilieu, volume growth kinetics and 

some histomorphological features.128 The methods for the 3D recapitulation of 

tumours include; tissue explants, tumour-on-a-chip, and multicellular spheroids.129 

To create explants, excess fat and necrotic tissue is removed from primary tumour 

biopsies, and after washing, the remaining tissue is cultured in a collagen matrix. After 
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embedding or adhesion of the processed tissue into the collagen, various experimental 

compounds are then added.130 The main advantage of using explants is the 

maintenance of the components of an original tumour, however, the main drawback is 

the loss of sample uniformity due to interpatient variation.131 

Micro-engineered 3D tumour models known as “organs-on-a-chip” are a recent 

innovation that remains at the frontiers of drug discovery.132 These devices are 

miniaturized functional units of tumours created through the integration of microfluidics 

with tissue engineering, microfabrication, and biomaterials research.133 A porous 

membrane containing endothelial cells provides a niche for tumour cell growth, while 

microfabricated channels that are imprinted onto inert material allow for navigation of 

circulating immune cells.133 Combined, the components of the chip enable tissue 

culture, drug and nutrient supply, and waste removal functionality.134 

Multicellular tumour spheroids are well-characterised organotypic spherical clusters 

that form from a single cell suspension.135 Depending on the desired experimental 

requirements, various scaffold-based and scaffold-free methods can be used to 

generate spheroids (Figure 1.9).131 In scaffold-based methods, synthetic hydrogels 

facilitate 3D spheroid formation and provide cues that promote cell-cell and cell-ECM 

interactions that are analogous to those in in vivo tumours.136 These scaffolds can be 

used in bioreactors (spinning or rotating) to allow for large-scale production of 

multicellular spheroids. Dynamic rotating spinner flasks or bioreactors are the most 

appropriate method for the large-scale and long-term culturing of spheroids.122 Such 

culturing techniques, however, require high quantities of cell culture medium, 

conflicting with the need to use small volumes during the testing of novel compounds. 

Moreover, when using these dynamic culturing methods, it is necessary to transfer the 

spheroids to stationary culture environment prior to analysis of any parameters.122 

Transferring the spheroids could potentially disrupt the original biology of the 

spheroids and makes the monitoring of individual spheroids a challenging task.122  
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In matrix-free platforms such as the liquid overlay and hanging drop techniques, no 

exogeneous artificial platforms are used to promote spheroid formation, but tight 

intercellular junctions result in formation of highly-organized spherical clusters that 

produce their own ECM.137 These stationary spheroid culturing techniques allow for 

generation of spheroids with uniform sizes. Further sorting and transferring are not 

necessary and this allows for optimal monitoring and manipulation of spheroids.128 

 

Figure 1.9: Techniques for generating multicellular spheroids.131 Image reproduced with permission 

from Elsevier, license number: 4513571185343. 
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Multicellular spheroids are known to resemble in vivo tumours better than monolayers 

(Table 1.3). The growth of cells as multicellular spheroids encourages cell-cell and 

cell-ECM interactions that are analogous to those in the native tumour 

microenvironment.129,138 Spheroids offer a diffusion limit of about 100 to 150 µm for 

most drugs and, therefore, provide an in vitro platform for evaluating mass 

transportation limitations that compounds may encounter in vivo.139 The gene and 

protein expression profile in spheroids closely resembles solid tumours, compared to 

the conventional monolayer model.140 Cells in the tumour microenvironment141 are 

heterogeneous with respect to gene expression and regulation, proliferative capacity, 

metabolic stress, and drug sensitivity.131 This feature is recapitulated by the differential 

spatial architecture of cells in different spheroid regions.142 

Table 1.3: Comparison of monolayers and spheroids with in vivo solid tumours. Table adapted from 

Nath and Devi.131 

Feature Monolayers Spheroids 
In vivo 

tumours 

Morphological zonal 

differentiation 
x   

Inherent hypoxia x   

O2, and metabolite gradients x   

Glucose flux rate Low High High 

Cell-cell and cell-ECM 

interactions 
Different Similar Similar 

Gene expression profile Different Similar Similar 

 

1.5.1 Zonal differentiation of cells in spheroids 

Decreasing nutrient and O2 concentrations from the outer surface of the spheroid to 

the core results in a heterogeneous cellular arrangement, with an outer layer of 

actively-proliferating cells, a middle layer of quiescent cells, and a core of necrotic 

cells.143 In this manner, spheroids resemble the architecture of poorly vascularised 

microregions of in vivo tumours (Figure 1.10). 
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Figure 1.10: Schematic showing the resemblance multicellular spheroids with tumour microregions.144 

Permission for re-print provided under PubMed Central open source copyright law. MCTS = multicellular 

tumour spheroid, ECM = extracellular matrix, NP =nanoparticle. 

1.5.1.1 The necrotic centre 

Due to low O2 delivery to the spheroid core, cells within this region encounter hypoxic 

stress and subsequent necrosis.145 Hypoxic conditions in tumours result in the 

stabilisation of hypoxia-inducible factor 1α (HIF 1-α), a transcription factor implicated 

in activation of genes associated with angiogenesis and survival.34 Activation of these 

genes leads to alteration of biochemical pathways, which may result in an increase of 

cells with a drug-resistant phenotype.146 The HIF-1α transcription factor promotes a 

metabolic switch from oxidative phosphorylation to aerobic glycolysis and lactic acid 

fermentation.13 Accumulation of lactic acid results in lowering of the pH within the 

tumour microenvironment. Acidic conditions result in protonation of basic anti-

neoplastic agents, leading to the reduction of drug cellular uptake and efficacy. For 

example, a 2012 study147 demonstrated that the uptake of doxorubicin into cells 

decreased with depth into colon cancer spheroids, where acidic regions (pH = 6.4) 

had a 1.7-fold lower uptake compared to regions with a higher pH. Additionally, 

hypoxic conditions promote radio-resistance, as drugs like doxorubicin need O2 to 

produce DNA-damaging free radicals.148 
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1.5.1.2 The quiescent zone 

As a consequence of moderate O2 perfusion and nutrient supply,149 cells adjacent to 

the hypoxic core enter quiescence.125 Quiescent cells are viable, metabolically-active 

cells in a reversible state of growth arrest.149 Elucidation of the molecular mechanisms 

responsible for tumour cell dormancy is a challenging area in oncology research which 

awaits exploration.150 This is in part due to the low abundance of disseminated 

dormant cells in blood and tissue samples,151-152 rendering characterisation of these 

cells extremely difficult.149 Many potential mechanisms implicated in tumour cell 

dormancy and chemotherapy resistance have been proposed and reviewed.150 For 

example, it has been reported that signaling of p38 in dormant cells results in 

promotion of survival and protection from chemotherapy.153 This mitogen-activated 

protein kinase plays a role in the biosynthesis of pro-inflammatory cytokines,154 

however, studies have shed light into the role of p38 in the regulation of other 

processes such as cellular dormancy.153 When re-perfused in a solid tumour, 

quiescent cells are able to resume growth and repopulate the tumour.155 Most 

conventional and genotoxic anticancer drugs target an aspect of the replication 

process,155 and it is, therefore, likely that cancer cells that have entered a quiescent 

state would not be killed by antineoplastic drugs. If quiescent cells are present in large 

numbers they could contribute to the recurrence and drug resistance seen in TNBC.156 

The notion that the lack of proliferation in dormant cells is the sole reason for 

chemoresistance still needs to be confirmed.153 Molecular characterisation of 

quiescent regions within spheroids can, therefore, prove useful in the discovery of 

pathways implicated in quiescence-related chemoresistance. Furthermore, use of 3D-

culture in drug screening can aid in the identification of compounds that specifically 

target the dormant spheroid core regions, which would not be identified in 2D-culture 

models under similar conditions.129 A high-content-based screen has been shown to 

be effective in identifying compounds that specifically induce cell death in inner 

spheroid core regions, which would not be detectable using 2D culture models.125 

1.5.1.3 The proliferative zone 

The cells on the outer rim of the spheroids proliferate rapidly, due to rich O2 and 

nutrient supply. Considering that most anticancer drugs target actively proliferative 

cells, the cells in the proliferative zone can be more sensitive to antineoplastic drugs, 

compared to cells in inner regions. Persistence of high proliferative indices is 
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recognised as a fundamental trait of cancerous cells.13 Tumour cells acquire the ability 

to proliferate rapidly through upregulation of growth factor receptors, or stimulation of 

growth factor release from normal cells.14 Additionally, mutations of the p53 tumour 

suppressing gene result in loss of function, leading to typical hallmarks of cancer, 

including sustained proliferation.157 Mutant p53 proteins are expressed in many 

cancers and are therefore attractive targets for cancer therapy.158 

Biomolecular pathways may thus be upregulated or downregulated in the different 

regions of the 3D-tumour spheroids, potentially resulting in circumvention of anti-

cancer drug action. The 3D-models provide an attractive platform for pre-clinical 

cancer drug screening, as they combine the flexibility and cost-effectiveness of cell 

culture with some of the spatial and molecular complexity of tissue.159 Despite the 

advantages associated with using 3D-models for preclinical drug screening, 

well-established biochemical and proteomic assays that are used in monolayer culture 

and tissue samples cannot easily be employed in 3D-culture systems. However, some 

analytical tools can be adapted to spheroid culture.128,160 

1.5.2 Tools for spheroid characterisation 

It is recommended to not blindly apply monolayer-based assays on spheroid 

characterisation without prior validation, as many of these assays have previously 

failed in multicellular spheroids.161 Attempts have been made to selectively dissociate 

and characterise single cells from spheroids,162 however, such experimental practices 

are labour-intensive, and may result in artificial cell loss. Optimisation of cytotoxicity, 

morphology and proteomic profiling assays is, therefore, a crucial step in the 

characterisation of multicellular spheroids.128 

1.5.2.1 Cytotoxicity assays 

Basic and complex analytical endpoints have been used to assess the effects of 

compounds on spheroids and monolayer cultured cells.128 Spheroid volume,128-129 

spheroid integrity,129 acid phosphatase (APH) activity128-129 and resazurin 

conversion129 have been shown to provide high predictive power of response of 

spheroids to drug exposure. 

Spheroid volume measurement and morphological assessment have been used 

extensively from the inception of multicellular spheroid research.143,163 The 
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development of high-throughput platforms for spheroid generation such as the liquid 

overlay technique introduced a need for incorporation of automated spheroid-size 

analysis software. Computational prototype analysis modules have recently been 

developed, allowing for automated analysis of various characteristics of spheroids 

such as volume,164-165 aggregation,166 nuclei-count,167 and spaciotemporal invasion 

dynamics.168 Many of these programs require advanced analytical tools which may not 

be accessible to some research laboratories, and this could hamper the widespread 

adoption of 3D in vitro cell culture models.164 This challenge is abrogated in an 

algorithm for automated spheroid size measurement written by Delyan Ivanov,129 as it 

is relatively simple to use and runs on the freely-available ImageJ Fiji169 bioimaging 

analysis platform. SpheroidSizer is an equally user-friendly, open-source, MATLAB-

based computational platform for precise measurement of spheroid volume.165 

Conversion of blue resazurin (non-florescent) to red resofurin (fluorescent) by 

metabolically active cells is principally used to elucidate the viability and 

biotoxicological response of cells to novel therapeutic entities.170 Resazurin is not toxic 

to cells and can, therefore, be multiplexed with other assays.129 Despite the successful 

validation of the resazurin assay for use in a multicellular spheroid model,129 vast 

limitations preclude its implementation on 3D-culture bioanalysis. For precise 

quantification, resazurin and the resofurin metabolic product should diffuse in and out 

of the spheroid, respectively,164 this diffusion is limited in compact spheroids, resulting 

in reduced reliability of the assay. Additionally, some antineoplastic compounds are 

known to induce an increase in cellular metabolic activity at cytotoxic concentrations, 

leading to misinterpretation of drug sensitivity.171 Due to these limitations, the 

resazurin conversion assay should, therefore, be used as a last resort when more 

robust platforms like the APH assay are unavailable. 

Quantification of cytosolic APH activity is used as a basis for the APH assay. 

Intracellular APH enzymes dephosphorylate the colourless p-nitrophenol phosphate 

to a yellow p-nitrophenol product, which can be spectrophotometrically measured at a 

wavelength of 400 nm (reference: 630 nm).172 In addition to the established use in 

monolayer cytotoxicity evaluation,172 the APH assay has been found to be linear over 

a wide range of cell numbers in multicellular spheroid cultures.161 The APH assay 
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involves disintegration of the multicellular spheroid and, therefore the penetration 

challenge associated with the resazurin assay is circumvented.164 

1.5.2.2 Measuring hypoxia in multicellular spheroids 

Metabolism of 2-nitropimodazole to a metabolite that is amenable to 

immunohistochemical detection has been historically used to evaluate hypoxia in 

spheroids.173 The compound has been commercialized as Hypoxyprobe-1TM, and it 

demonstrated a good spatial resolution of hypoxia in multicellular spheroids.174 

However, the technique distinguishes hypoxic cells at a limited threshold, and can only 

be used in fixed sections. 

Cell-permeable probes have recently been synthesized to improve the efficiency and 

sensitivity of hypoxia detection in spheroids. A click-assembled, O2‐sensing 

nanoconjugate allows for deep optimum imaging of hypoxia in intact spheroids using 

near-infrared confocal microscopy.175 Additionally, cell permeable conjugates of 

platinum have been applied to high-resolution phosphorescence imaging of 

multicellular spheroids, with no cytotoxic effect at concentrations ≤10 µM.176 Other 

iridium-based conjugates have also been made commercially available as the Image-

iT® hypoxia probe.177 

1.5.2.3 Microscopic analysis of multicellular spheroids 

Standard phase contrast microscopy is used to assess the general morphology of 

multicellular spheroids.128 The main drawback, however, is that it fails to reveal the 

structural features and position of cells inside the spheroids. Routine sectioning and 

histological staining can be performed to visualize the different spheroid zones.178 

However, fixing and staining introduces a lot of experimental artefacts, and histological 

stains generally have a low spatial resolution.174 

Scanning electron microscopy can be used to visualize the surface features,179 while 

transmission electron microscopy allows for higher resolution imaging of the cells to 

enable visualization of cell-cell and cell-ECM interactions in spheroids.180 Other 

advanced microscopy techniques have been adopted for spheroid imaging, each with 

its advantages and disadvantages,174 allowing for procurement of better spatially 

resolved images. One such technique is confocal microscopy, which can be used to 

characterise the cytoskeletal and in situ protein expression of spheroids. Confocal 
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microscopy achieves a resolution in the z-level that allows for the imaging of multiple 

cell layers when performed in combination with optical clearing techniques.181 Using 

tissue clearing removes lipids from the sample which hinder laser light penetration and 

diffuse emission enhancing the ability to image spheroid interiors.182  

Various techniques can be used for the optical clearing of multicellular spheroids. An 

ideal clearing protocol should allow for deep imaging into the spheroid core, result in 

minimal sample changes, be minimally complex and be compatible with standard 

confocal microscopy. The ClearT2 originally developed in 2013183 possesses these 

attributes, and it has been shown to be superior in optimal clearing of spheroids 

compared to other techniques, as it maintains spheroid size and allows for the 

visualization of the spatial distribution of antibody-stained proteins across the 

spheroids.184 Advancements have been conducted to improve the ClearT2 protocol for 

imaging 3D cultures, and it has recently been shown that optimization of the molecular 

weight of the polyethylene glycol (PEG) component of the clearing agent enhances 

the confocal imaging of MCTS.185 

Imaging modalities such as confocal microscopy rely on detection of fluorescent or 

radiolabelled moieties; detection of molecules without fluorescence or radiolabels, 

therefore, becomes a challenge.139 Furthermore, these imaging methods suffer from 

millimeter spatial resolution,186 fail to provide the overall proteomic information of the 

sample, and rely on identification of known proteins.174 Use of mass 

spectrophotometry imaging (MSI) circumvents the challenges associated with 

traditional imaging methods and examines the distribution of classes of molecules in 

an unbiased fashion.159 Matrix-assisted laser desorption ionization mass spectrometry 

imaging (MALDI-MSI) is one such technique that can be used for spatial proteomic 

imaging of multicellular spheroids.187 Traditionally, MALDI-MSI has been used for 

analysis of animal samples in drug development,188 and as a diagnostic tool in various 

types of cancer.189 Application of MALDI-MSI to 3D-cell culture has garnered attention 

over the past few years,174,190-191 and can prove powerful in the elucidation of 

proteomic and metabolomic changes associated with spheroid zonal differentiation. 

Despite the value of mass MALDI-MSI in providing spatially resolved proteomic 

profiles of tumour spheroids, sample preparation is complicated by the small size of 

spheroids, and this hinders the adoption of the technique in 3D spheroids.159 
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1.6 Study rationale 

Use of poorly characterised cell lines hampers the recapitulation of human disease in 

the monolayer models currently used.108 The situation is worse in 3D-culture, as the 

spheroidal model system is not as widely used. While advances in medical sciences 

and healthcare have allowed for early diagnosis and prevention of disease progression 

into a metastatic state, several molecular mechanisms that underlie the 

aggressiveness and chemoresistance of breast cancer remain elusive.192 

Characterisation of an in vitro spheroid model of TNBC can provide a platform for the 

elucidation of various molecular cues contributing to the chemoresistance of breast 

cancer. Even though traditional imaging techniques like phase contrast microscopy 

and biochemical methods like the APH assay can be used to characterise 

spheroids,128 they do not fully reveal the original biology of cell within spheroids. 

Optical tissue clearing, coupled with confocal microscopy is an approach that has 

recently emerged and that can be used to study the spatial distribution of proteins 

across multicellular spheroids, with minimal sample disruption.184 In this study 

traditional methods were therefore used to characterise the growth parameters of 

BT-20 TNBC spheroids. Furthermore, optical clearing was combined with 

immunostaining as proof of principle. 
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1.7 Aim and objectives 

1.7.1 Aim 

This aim of the study was to develop and characterise a spheroid model of BT-20 

TNBC cells with regards to growth, zonal differentiation, and drug sensitivity. 

1.7.2 Objectives  

The objectives of the study were to: 

• Establish a multicellular spheroid model of the BT-20 cell line using both the 

liquid overlay and hanging drop techniques to select the most appropriate 

culture mechanism. 

• Determine growth and maturity characteristics of spheroids over ten days with 

regards to: 

o Morphology and size using phase contrast microscopy; 

o Protein content using the bicinchoninic acid assay; 

o Live/dead status using the FDA/PI assay; 

o Spheroid morphology using haematoxylin-eosin staining; 

o Hypoxic status using the Image-iT® hypoxia probe. 

• Determine the cytotoxic range of doxorubicin in a 2D-model using the 

sulphorodamine B assay  

• Determine the effect of toxic and sub-toxic concentration of doxorubicin in the 

3D model: 

o Acid phosphatase activity using the acid phosphatase assay; 

o Morphology, size, and volume using phase contrast microscopy; 

o E-cadherin and Ki-67 expression using immunostaining, clearing, and 

confocal microscopy. 
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1.7.3 Project overview 

 

Figure 1.11: Overview of the project 
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Chapter 2: Methods 

2.1 Growth and maintenance of the BT-20 cell line 

The TNBC BT-20 (ATCC® HTB-19TM) cell line gifted by Dr. Iman van den Bout was 

grown in a mixture (1:1) of Dulbecco’s modified essential medium (DMEM) and Ham’s-

F12 medium (Gibco-Life Technologies). The medium was supplemented with 10% 

heat-inactivated foetal bovine serum (FBS; Gibco-Life Technologies) and 1% 

penicillin-streptomycin (Gibco-Life Technologies), and the cells were grown in 

Corning® 75 cm2 cell culture flasks. The flasks were placed in an HF 212 UV incubator 

(Heal Force®, Shanghai, China), with conditions set at 5% carbon dioxide (CO2) and 

37°C in a humidified environment. Cells were grown to an approximate confluence of 

80%, after which they were rinsed twice with 2 mL of 0.1 M phosphate-buffered saline 

(PBS). The cells were detached using 1 mL of 0.25% trypsin-

ethylenediaminetetraacetic acid (Gibco-Life Technologies) for 6 min. Cells were 

collected and centrifuged at 200 g for 5 min, counted using the trypan blue exclusion 

assay (0.1% w/v) and diluted to either 5 × 105 cells/mL (for monolayer and liquid 

overlay techniques) or 1.1 × 106 cells/mL in complete culture medium as described 

above (for the hanging drop spheroid assay). 

2.2 Selection of the most suitable method for spheroid generation 

2.2.1 Hanging drop method 

In the simplest form of the hanging-drop technique, a drop of cells is suspended on a 

lid of a petri dish and inverted to form a hanging droplet.193 Due to gravity, the cells 

aggregate at the bottom centre of the hanging droplet and homotypic cellular 

interactions promote the assembling of individual cells into a multicellular spheroid. 

Multiwell hanging drop plates (Figure 2.1) have been developed to increase efficiency, 

uniformity, and applicability to high-throughput drug screening.194 Despite being 

associated with tedious media exchange, the hanging drop method allows for easy 

handling and downstream proteomic assessment of generated spheroids.139 
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Perfecta3D® 96-well plates (Sigma Aldrich, St Louis, USA) were used to generate 

spheroids via the hanging drop technique.194 A cell suspension (45 µL, 5 × 104 cells/ 

well) in complete media was slowly pipetted into the aperture of the hanging drop 

plates, and allowed to assemble into a single multicellular spheroid over four days in 

each well. To minimize evaporation of media, the plate reservoir was filled with 3.5 mL 

autoclaved water.  

2.2.2 Liquid overlay method 

The liquid overlay method uses either in-house prepared poly-hydroxyethyl 

methacrylate195 or agarose-coated culture plates or commercially available ultra-low 

attachment plates to prevent cells from growing as monolayers.129 As cells cannot 

attach to the substrate surface due to a lack of attachment forces, the adhesive forces 

between cells dominate, and the cells migrate towards each other and aggregate into 

spheroids, where sustained cell proliferation results in an increase of spheroid size.122 

To generate spheroids using the liquid overlay method, the protocol described by 

Friedrich et al.128 was followed. Agarose (1% w/v) was prepared in FBS-free HAMS: 

F12 medium and solubilised by sterilization at 120°C for 30 min in an autoclave and 

stored at 4°C. Prior to seeding of cells, agarose was liquefied by briefly heating in a 

microwave. Corning® 96-well plates were then pre-treated with 50 µL agarose to 

create a low-attachment surface. The plates were cooled down to room temperature 

in a sterile environment until the agarose in the wells solidified. Cells (100 µL, 5 × 104 

cells/well) were seeded into the agarose-coated microtiter plate, and an additional 100 

Figure 2.1: Outline of the 96-well plate hanging drop spheroid array. Reproduced with permission 

from InSphero. 
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µL medium (10% FBS) added. Plates were incubated for ten days. After the first four 

days, medium (100 µL, 10% FBS) was replaced every two to three days. 

2.2.3 Monitoring of spheroid formation using phase contrast microscopy 

Phase contrast microscopy was used to observe the gross morphology of the 

spheroids formed using the liquid overlay and hanging drop technique. This optical 

microscopy technique involves conversion of phase shifts of light passing through a 

transparent sample into differences in intensity of the image, allowing for the 

visualization of transparent objects.196 Four days after seeding, spheroid formation on 

the hanging drop and liquid overlay techniques was observed using a Zeiss Axiovert 

200 M inverted microscope (Carl Zeiss Inc, Oberkochen, Germany), using a 5X 

objective lens. 

2.3 Evaluation of growth characteristics of spheroids 

2.3.1 Morphological characterisation of spheroids using phase contrast 

microscopy 

To determine spheroid growth, images of all spheroids were taken at Days 4, 7 and 

10 using a Zeiss Axiovert 200 M inverted microscope (Carl Zeiss Inc, Oberkochen, 

Germany) with a 5X objective. SpheroidSizer165 and a slightly modified ImageJ-based, 

automated spheroid size measurement algorithm129 were used to calculate the volume 

and diameter of the spheroids. 

SpheroidSizer is an automated, MATLAB-based open-source application that 

measures the volume of tumour spheroids. By using the active contour algorithm197, 

length (L) and width (W) of the spheroid is determined, which is used to calculate the 

spheroid volume (V = 0.5 × L × W2).198 

An ImageJ macro encoded by Ivanov et al.,129 as well as manual measurements with 

the Carl Zeiss AxioVision microscopy software were used to compare the spheroid 

volume measured using SpheroidSizer. The ImageJ macro automatically detects 

spheroids from whole folders containing phase contrast JPEG images and converts 

the pictures to black and white photos using the Yen thresholding algorithm. The 

algorithm then excludes artefacts from the images, fills in extra holes, and separates 

the spheroids from extracellular debris. The macro then proceeds to calculate the 
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area, minimum and maximum ferret diameter of spheroids. The 2D-projected area of 

the image is then used to calculate spheroid volume.129 

With assistance from Dr. D Ivanov (University of Nottingham, United Kingdom), line 6 

of the code was edited to 0.7778 pixels per µm in order to match the scaling of the 

microscope used, and line 11 was changed to using Li thresholding, as the Yen 

method could not distinguish the background of the spheroids. 

The circularity index is an indicator of the degree of circularity of particles and was 

measured with the ImageJ plugin using the formula: 

𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =  4𝜋 (
𝑎𝑟𝑒𝑎

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
) 

A circularity index of 1.0 represents a perfect circle, and when the index approaches 

0.0, the particle assumes the shape of an elongated polygon.169 ImageJ was used to 

measure the circularity index of the spheroids. 

The percentage change in the volume of spheroids was calculated by dividing the 

difference in the average volume between different days by the average of volume on 

an earlier day. For example, the change in the percentage in spheroid volume between 

Day 4 and Day 7 was calculated using the formula: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑛 𝐷𝑎𝑦 7−𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑛 𝐷𝑎𝑦 4

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑛 𝐷𝑎𝑦 4
× 100  

2.3.2 Change in protein content using the bicinchoninic acid assay 

To monitor the increase in cellular growth, the change in the amount of protein content 

per spheroid was measured using the bicinchoninic acid (BCA) assay. The BCA 

compound is stable and forms a purple-coloured complex with cuprous ions (Cu+) in 

an alkaline environment, which is used to analytically monitor Cu+ ions produced in 

the reaction of proteins with alkaline Cu2+. The colour produced in this reaction is 

stable, and its intensity increases in proportion to increasing protein concentrations.199 

This assay has minimal interferences from detergents and media additives. 
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The protein content of spheroids (Day 4, 7 and 10) was determined using the BCA 

assay.199 Eight spheroids were pooled together and washed twice with 100 µL of 0.1 

M PBS at 200 g for 5 min in a 1.5 mL centrifuge tube. The spheroids were then lysed 

using a 100 µL radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-

hydrochloride [pH 7.4], 150 mM sodium chloride, 1% Triton X-100, 1% sodium 

deoxycholate, 0.1% w/v sodium dodecyl sulfate, 1 mM EDTA and 0.02% w/v Roche 

cOmpleteTM protease inhibitor cocktail). To achieve complete lysis, spheroids were 

vortex mixed, sonicated in ice for 5 min, and centrifuged for 10 min at 16,000 g and 

the supernatant lysate was collected and stored at -80°C until analysis. Into a clear, 

flat-bottom 96-well plate was added 5 µL bovine serum albumin (BSA) standards (0.1, 

0.2, 0.25, 0.5, 1.0, 1.5 and 2 mg/mL, prepared in PBS) or spheroid lysate. The BCA 

working solution was prepared by combining Reagent B, (4% w/v copper II sulphate 

pentahydrate) and Reagent A (1% w/v BCA disodium hydrate, 0.9% sodium 

bicarbonate, 2% w/v sodium carbonate, 0.16% w/v sodium tartrate [pH 11.25]) at a 

volumetric ratio of 1:50, and 195 µL of this BCA solution was added to the 5 µL of BSA 

or lysate samples in the plate. The plate was shaken for 10 min at room temperature 

and incubated at 60°C for 30 min. The plate was cooled to room temperature, and the 

absorbance measured with a ELX800UV microplate reader (BioTek instruments Inc, 

Highland Park, USA) using a 570 nm flitter with a 10 nm band width. Lysate protein 

content (mg/mL) was interpolated from the BSA standard curve, and dilutions 

considered to determine individual spheroid content (µg/spheroid). The percentage 

change in the protein content was then calculated by dividing the difference in the 

average protein content between different days by the protein content on an earlier 

day. For example, the change in the percentage of protein content between Day 4 and 

Day 7 was calculated using the formula: 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝐷𝑎𝑦 7) − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝐷𝑎𝑦 4)

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝐷𝑎𝑦 4)
× 100 

 

2.3.3 Live/dead status using the FDA/PI staining protocol 

Live/dead staining200 was conducted to elucidate the viability of the spheroids. 

Fluorescein diacetate (FDA) stains metabolically viable cells (green fluorescence), 

and propidium iodide (PI) stains membrane-compromised cells (red fluorescence). 
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Spheroids were harvested, washed three times with 0.1 M PBS, and transferred to a 

Corning® 24-well plate. Spheroids were stained for 4 min in the dark using a staining 

solution (1 mL) consisting of 4 µg/mL PI and 5 µg/mL FDA in PBS. The excess staining 

solution was removed by washing with 1 mL PBS three times (1 min), and the 

spheroids were immediately visualized with a Zeiss Axiovert 200 M inverted 

microscope (Carl Zeiss Inc, Oberkochen, Germany) with filter sets for Texas red (PI) 

and fluorescein isothiocyanate (FDA) fluorescence, and a 5X objective lens. ImageJ 

was used to create a composite of images taken under the different filters. 

2.3.4 Histological analysis using haematoxylin-eosin staining 

Haematoxylin-eosin (H&E) staining was done to investigate the histomorphological 

changes of the 3D-cultured cells over the growth period. This combination of dyes is 

commonly used to stain the fine structures of cells and tissue.201 The deep blue-purple 

haematoxylin dye stains basophilic components of cells like the nucleus, rough 

endoplasmic reticulum, and ribosomes, while the pink eosin dye stains proteins 

non-specifically.201 Paraffin embedding and microtoming were compared to gelatin 

embedding and cryosectioning, to select the most appropriate method for histological 

assessment of the 3D-cultured BT-20 cells. 

For paraffin embedding and subsequent microtoming, spheroids were harvested and 

fixed in 4% v/v formalin in 0.1 M PBS overnight. The fixing solution was removed with 

three PBS wash steps (10 min each). Ethanol (50% for 10 min, 70% for 30 min, 90% 

for 30 min, and 100% overnight) was used for dehydration. Addition of xylene in 50% 

ethanol (15 min), and absolute xylene (1 h) followed dehydration. Spheroids were 

impregnated with paraffin wax (30% in xylene for 30 min, 70% in xylene for 30 min, 

and 100% for 1 h) at 60°C. The samples were cooled, embedded in paraffin blocks, 

and sectioned into 5 µm sections using a Leica RM2255 microtome (Lecia 

Microsystems, Wetzlar, Germany) and mounted on microscope slides. The sections 

were deparaffinized with xylene (two times for 5 min). Deparaffinized sections were 

rehydrated with distilled water for 1 min. The slides were stained with haematoxylin 

(0.1% w/v for 10 min), rinsed with Scott’s buffer for 10 min, dipped in eosin (2% w/v) 

for 2 min, and rinsed with distilled water for 1 min. Sections were dehydrated and 

mounted between a microscope slide and cover slide using a xylene-based mounting 

media. The mounted sections were observed under a Zeiss Axiovert 200 M inverted 
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microscope (Carl Zeiss Inc, Oberkochen, Germany) at 10X and 40X objective 

magnification.  

The procedure described by Wheatcraft et al.,159 was followed before the histological 

analysis of gelatin-embedded and cryosectioned spheroids. Warm gelatin (1 mL, 75 

mg/mL) prepared in high purity water (18 Ω) was added to each well of a Corning® 24-

well flat-bottomed plate. Spheroids were harvested, stained with 0.5% v/v gentian 

violet in PBS to enhance visibility, washed twice in PBS (5 min), and placed on the 

solidified gelatin layer. To embed the spheroids, 0.6 mL of the gelatin solution was 

added, and the embedded 3D cultures were snap frozen and stored at -80°C until 

analysis. The gelatin-embedded spheroids were mounted on the cryotome chuck with 

the optimal cutting temperature (OCT) compound, and frozen to ensure secure 

mounting then sliced into 15 µm sections using a Shandon E cryostat microtome 

(ThermoFischer Scientific, Waltham, Massachusetts, United States) at -20°C and 

directly placed on microscope slides. Staining with H&E was done as descibed for the 

parafin-embedded spheroids. 

2.3.5 Hypoxic status of the spheroid using hypoxia probe staining 

The Image-iT® hypoxia is an iridium-based, cell-permeable, and fluorescent probe that 

is used to detect hypoxic conditions within living cells. It is non-fluorescent in 

environments with atmospheric O2 concentrations but fluoresces when the O2 

saturation is less than approximately 5%. The fluorescence of the probe correlates 

with HIF-1α activation in hypoxic environments.177 

The manufacturer’s protocol was followed with slight modification to the incubation 

time to assess the inherent hypoxic status of spheroids and monolayers. On Days 4, 

7, and 10, 100 µL of medium from the 3D culture was replaced with 10 µM of the 

Image-iT® hypoxia probe (Invitrogen, California, USA), prepared in 

FBS-supplemented medium, to achieve a 5 µM in-well concentration of the probe. 

After 24 h, the fluorescence of the probe was imaged with a Zeiss Axiovert 200 M 

inverted microscope (Carl Zeiss Inc, Oberkochen, Germany), using a Texas red filter, 

at 5X objective magnification. Monolayers were allowed to attach, and after 24 h, the 

hypoxia staining procedure described for the 3D cultures was followed. 
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2.4 Evaluation of the cytotoxic range of doxorubicin on 2D culture 

2.4.1 Sulforhodamine-B assay 

Doxorubicin was selected as an antiproliferative agent to assess the chemosensitivity 

of the BT-20 monolayers and spheroids. The cytotoxic range of doxorubicin was 

determined on 2D-cultured cells using the sulforhodamine-B (SRB) assay with minor 

modifications to the protocol of Vichai and Kirtikara.202 The SRB assay relies on the 

ability of the aminoxanthane dye to bind to the basic amino-acid residues in fixed cells. 

The dye binds under mildly acidic conditions and dissociates under basic conditions. 

Binding occurs in a stoichiometric manner, therefore the amount of dye extracted is 

equivalent to the cell protein mass.202 In comparison to commonly used cell 

enumeration assays, the SRB assay has been shown to have fewer interferences with 

experimental compounds and greater sensitivity over a wide range of cell densities.203 

Attached monolayer cells were exposed to 100 µL medium (negative control), saponin 

(1%, positive control), DMSO (0.2%, vehicle control) or half-log dilutions of 32 µM 

doxorubicin (in-well), prepared in FBS-free medium for 72 h. A sterility and background 

noise control consisted of 200 µL medium supplemented with 5% FBS. After exposure, 

cells were fixed with 50 µL cold trichloroacetic acid (TCA; 50% v/v) and left overnight 

at 4°C. On the following day, plates were washed four times with slow-running tap 

water via plastic tubing connected directly to a faucet then allowed to dry. An SRB 

solution (100 µl, 0.057% w/v in 1% acetic acid) was added to each well and allowed 

to stain for 30 min. Plates were rinsed with 1% v/v acetic acid to remove any unbound 

dye and allowed to dry. Tris-buffer (200 µl, 10 mM, pH 10.5) was added to each well. 

The plates were shaken on a Gemmyco VRN-200 orbital plate shaker (Gemmy 

Industrial Corporation, Taipei, Taiwan) for 1 h to solubilize the protein-bound dye. The 

optical density (OD) was measured at 540 nm (reference: 630 nm) using in an ELX800 

microplate reader (BioTek instruments Inc, Highland Park, USA). All values were 

blank-subtracted, and the cell density (%) calculated using the formula below: 

𝐶𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) =  
𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒
× 100 

 

Where ‘ODsample’ refers to the corrected optical density of the sample and 

‘ODnegative’ is the corrected optical density of the negative control. 
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2.4.2 Acid phosphatase assay 

The APH assay128 was used to corroborate the cytotoxic concentrations of doxorubicin 

on monolayer cell cultures obtained using the SRB assay. This assay assesses cell 

viability through quantification of cytosolic APH activity. Intracellular APH enzymes in 

viable cells hydrolyse p-nitrophenyl phosphate to p-nitrophenol. The absorbance of p-

nitrophenol at 405 nm is directly proportional to the number of viable cells.161  

The same doxorubicin exposure conditions that were used for the SRB assay were 

maintained for the APH assay. After 72 h exposure, cells were washed three times 

with 100 µL PBS (5 min), and an aliquot of 100 µL was left after the third wash step in 

each well. The APH assay buffer (100 µL) was added, containing para-

nitrophenylphosphate (2 mg/mL) and Triton X-100 (0.1% v/v) in citrate buffer (0.1 M). 

Plates were incubated for 90 min at 37°C. After incubation, sodium hydroxide (1 M, 10 

µL) was added to the wells, and the OD was measured within 10 min at 405 nm 

(reference: 630 nm) on an ELX800UV microplate reader (BioTek instruments Inc, 

Highland Park, USA). All values were blank-subtracted, and the APH activity (%) 

calculated using the formula below: 

𝐴𝑃𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) =  
𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒
× 100  

Where ‘ODsample’ refers to the corrected optical density of the sample and 

‘ODnegative’ is the corrected optical density of the negative control. 

2.5 Comparison of the efficacy of doxorubicin in the 2D and 3D 

model 

2.5.1 Exposure procedure 

Monolayer cells were allowed to attach in Corning® 96-well plates for 24 h after which 

the cells were exposed to 100 µL of the in-reaction IC25, IC50, and IC75 concentrations 

of doxorubicin (calculated using the SRB assay). Spheroids were grown for four days 

using the liquid overlay method outlined in Section 2.2.2, and 100 µL medium replaced 

with two-fold IC25, IC50, and IC75 concentrations, as well higher concentrations (6 µM, 

8 µM and 10 µM in-well) due to hypothesised reduced drug sensitivity. 
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2.5.2 Phase contrast microscopy 

After the exposure period, a Zeiss Axiovert 200 M inverted microscope (Carl Zeiss Inc, 

Oberkochen, Germany) was used to capture phase contrast images of the cells using 

a 10X objective lens for monolayers and a 5X objective lens for spheroids. 

SpheroidSizer was used to calculate the change in volume elicited by doxorubicin on 

the spheroids, using the formula: 

𝑆𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) =  
𝑉𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑉𝑛𝑒𝑔
× 100 

Where ‘Vsample’ refers to the volume of the treated sample, and ‘Vneg’ refers to the 

volume of the negative control. 

2.5.3 Monolayer viability assessment 

Monolayers treated with the IC25, IC50, and IC75 of doxorubicin for 72 h were washed 

three times with 0.1 M PBS and stained for 4 min in the dark with 5 µg/mL FDA 

(200 µL). The staining solution was removed by washing with PBS three times (5 min), 

and the cells were visualized using a Zeiss Axiovert 200 M inverted microscope (Carl 

Zeiss Inc, Oberkochen, Germany) with a filter set for FDA fluorescence at 10X 

objective magnification.  

2.5.4 APH assay 

After the 72-h exposure period, the APH activity assay was conducted on monolayers 

as described in Section 2.4.2. Spheroids were transferred into a non-agarose-coated 

round bottom 96-well plate, washed three times with PBS (100 g, 1 min), and assayed 

as described for monolayer cells. 

2.5.5 Tissue clearing and immunostaining of treated spheroids 

The ClearT2 protocol183 was used to optically clear doxorubicin-treated and 

immunostained spheroids prior to confocal imaging. The solvent and detergent free 

clearing technique involves immersion of spheroids in increasing concentrations of 

formamide and PEG.185 The components of the clearing agent promote the 

replacement of water in cells with the aqueous solution of formamide and PEG, until 

an equilibrium is reached. This allows for the enhancement of the transparency and 

reduction of the refractive index of the sample, while hydration of the sample is 
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maintained. Additionally, PEG is used to maintain the stability of the fluorescently-

labelled proteins, and to reduce fluorescence quenching caused by formamide.185 

Prior to clearing, the Ki-67 monoclonal antibody (mAB) and the anti-pan cadherin 

polyclonal antibody (pAB) were used to immunofluorescently stain doxorubicin-treated 

spheroids. The antigen Ki-67 is a nuclear protein that is expressed in proliferating 

vertebrate cells. In cultured cells, the levels of this protein are highest in the G2 and 

mitosis phase204 of the cell cycle and is, therefore, commonly used as a marker for 

proliferation or absence thereof. The anti-pan cadherin pAb is broadly cross-reactive 

with all members of the cadherin family: N-cadherin, E-cadherin, P-cadherin, and R-

cadherin. Classic cadherins play a role in homophilic cellular adhesion interactions, 

and E-cadherin is responsible for mediating cell-cell interactions within multicellular 

spheroids.205 The 4’,6-diamidino-2-phenylindole (DAPI) dye was used as a 

counterstain for nuclei, as it forms a fluorescent complex by binding to adenine-

thymine rich regions of DNA.206 

Spheroids treated with the IC25, IC50, IC75, and 10 µM of doxorubicin for 72 h were 

collected into 1.5 mL centrifuge tubes and washed with PBS three times (5 min). After 

washing, the spheroids were fixed in 4% formaldehyde and stored at 4°C until further 

assessment. All subsequent steps were conducted at room temperature on an orbital 

shaker at 90 revolutions per min (rpm). Permeabilization and blockage of non-specific 

staining was achieved by immersing the spheroids in 1% Triton X-100, 10% normal 

foetal calf serum, and 4% BSA in PBS (B-PBT) for 2 h. The spheroids were incubated 

overnight in 1 µg/mL of the Alexa Fluor® 488 conjugated anti-Ki 67 mAb (Abcam, 

Cambridge, United Kingdom) and in 1:1000 of the anti-pan cadherin pAb (Abcam, 

Cambridge, United Kingdom) diluted in B-PBT. The spheroids were then washed twice 

in 0.2% Triton X 100 in PBS (0.2% PBT) for 2 h, and one 2h wash in B-PBT. The Goat 

Texas Red anti-mouse secondary (Abcam, Cambridge, United Kingdom) antibody 

was added at a concentration of 1:300 in PBT overnight. The spheroids were washed 

twice in B-PBT (2 h) and stained with 1 µg/mL DAPI in B-PBT for 1h. Samples were 

then returned to PBS for clearing. For clearing, PBS was removed and replaced with, 

25% formamide/10% PEG in PBS for 10 min, and subsequently 50% formamide/20% 

PEG in PBS for 30 min. The 50% formamide/20% PEG solution was replenished until 

the samples were opaque. Fluorescent images of cleared spheroids were acquired 

using a Zeiss Laser Scanning Microscope LSM800 (Carl Zeiss Inc, Oberkochen, 
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Germany), using a 20X air objective lens. The laser power was kept constant during 

acquisition. A 488-nm argon laser was used to visualize Ki-67, a 561 nm diode laser 

was used to visualize cadherin bound secondary antibody and a 405 nm diode laser 

was used to visualize DAPI. The imageJ Fiji package169 with the Bio-Formats importer 

plugin was used to analyse the images generated from the different filters, and to 

create composites of images. 

2.6 Statistics  

Raw data was captured using Microsoft Excel (Microsoft) and statistical analyses 

performed with GraphPad Prism 8.0.2 (GraphPad Software, San Diego California 

USA). At least three biological repeats were conducted per experiment, with four 

technical repeats for monolayer studies, and at least six representative spheroids per 

experimental condition. All data are expressed as mean and standard error of the 

mean (SEM). Changes in spheroid protein content and volume over the culturing 

period was calculated using a Kruskal-Wallis analysis of variance (ANOVA) test with 

a Dunn’s multiple-comparison post-test. For monolayer cytotoxicity studies, the 

logarithmic drug concentration was plotted against the response (compared to the 

negative control), and the IC25, IC50, and IC75 of doxorubicin was calculated using non-

linear regression curve fit (log[inhibitor] vs response) with robust fit. Comparison of the 

changes in spheroid viability and volume after exposure to the different concentrations 

of doxorubicin was determined using a Kruskal-Wallis test with a Dunn’s multiple-

comparison post-test. Outliers were identified and removed using the GraphPad 

Robust regression and outlier removal (ROUT) method.207 
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Chapter 3: Results and discussion 

3.1 Selection of spheroid generation platform 

The liquid overlay and hanging-drop methods are versatile techniques that can be 

used for the high-throughput generation of multicellular spheroids. The main 

advantage of these assays are their ease of use and adaptability to high-throughput 

downstream biochemical assays.131 From in-house experience: compared to loose 

aggregates, dense spheroids allow for minimal disaggregation and cell loss during 

medium exchange, and circular spheroids are better-amenable to growth evaluation 

relative to irregularly-shaped spheroids. The robustness of the hanging drop and liquid 

overlay methods in the generation of dense and reproducibly circular BT-20 spheroids 

was compared in a bid to select the most appropriate method for establishing a robust 

3D culture technique. 

Across three biological repeats, cells grown using the hanging-drop method either 

failed to assemble into spheroids (Figure 3.1 A), developed into loose spheroids 

(Figure 3.1 B) or developed into semi-dense, irregularly-shaped spheroids (Figure 

3.1 C) by Day 4. The yield of these semi-dense spheroids was exceptionally low 

(approximately 4 per 96-well plate). In contrast, cells grown using the liquid overlay 

method developed into a single, dense and circularly-shaped spheroid per well on Day 

4. The formation of these dense and circularly-shaped spheroids was constant through 

biological repeats (Figure 3.1 D-F). 
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The type of cell line, source and passage number of immortalized cells are inherent 

factors that influence spheroid formation and growth.208 Phenotypic differences in 

spheroids of the same cell line grown from different cell stocks have recently been 

noted.208 Additionally, the potential of cells to assemble into spheroids is largely 

dependent on the spheroid-generation platform used.209 Cells propagated as 

spheroids using different arrays exhibit differential morphometric, diffusion, and 

chemosensitivity attributes.209 The systematic comparison to evaluate various assays 

is, therefore, a critical step that needs to be conducted before the adoption of a specific 

technique for growth of spheroids of any desired cell line.209 

The degree of successful spheroid formation in this study was lower with the hanging 

drop technique compared to the liquid overlay method. Various factors have been 

shown to play a role in the reproducibility of spheroids grown using the hanging drop 

technique.208 The seeding volume influences spheroid growth, as larger medium 

volumes produce spheroids with greater fold-change and end-point protein content, 

relative to those grown in smaller volumes.208 In the current study, a seeding volume 

of 45 µL was used in the hanging drop technique, whilst 200 µL was used for the liquid 

overlay technique. The discrepant spheroid formation capacity between the two 

assays can, therefore, partially be attributed to differential culture medium volumes. 

Figure 3.1: Representative phase contrast images of spheroids grown using the hanging drop 

technique (A-C) and liquid overlay method (D-F). Images captured using a 5X objective lens, scale bar 

= 500 µm. 
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In a study conducted in 2016 by Raghavan et al.209 it was demonstrated that MCF 7 

breast cancer spheroids grown using the hanging drop method were more viable and 

more compacted compared to those generated from the liquid overlay method, a 

contradictory observation from that obtained in the current study. This discrepancy can 

be explained by the difference in seeding densities used in the two studies. While 

Raghavan et al.209 used 500 cells per drop, in the current study 50 000 cells were used 

(a 100 fold difference in seeding density). The growth and nourishment of immortalized 

cells requires an adequate nutrient supply from the surrounding medium, and it is 

historically known that cells grown in larger volumes of medium have higher 

proliferative potential than those grown in smaller volumes.210 This implies that 

nutrients may get depleted quicker at higher seeding densities, leading to a decreased 

yield of spheroids. The reduced yield of spheroids in the hanging drop technique could, 

therefore, potentially be a result of insufficient nutrient supply to the seeded cells. 

In addition to nutrient depletion, reproducibility of well-established spheroids can be 

hampered by the rapid movement of plates in the incubator, a limitation that can be 

circumvented by reducing movement and plate monitoring within the first 48 h after 

initial seeding.128 Relative to the liquid overlay, spheroids grown using the hanging 

drop technique are more susceptible to rapid motion, and consequential alteration of 

successful spheroid formation. 

The observations obtained from the comparison of the liquid overlay and the hanging 

drop technique corroborate the view that; it is imperative to compare various spheroid 

generation assays to obtain stable characteristics, prior to any downstream 

experimentation.208-209 In this study, the liquid overlay method formed reproducible 

dense spheroids which were subsequently used for further characterisation. 

 

 

 

 



47 | P a g e  
 

3.2 Characterisation of spheroid growth characteristics 

Though multicellular spheroids have been used for in vitro simulation of the in vivo 

micromilieu for approximately half a century,143 characterisation of the phenotypic 

properties of many of these models is not widely conducted.211 Elucidation of various 

structural and functional characteristics can reveal baseline parameters that could 

potentially be altered by new test compounds with varied mechanisms of action. 

Additionally, well-characterised 3D cultures can be routinely adapted as ‘spheroid 

controls’ or standards when conducting drug screening on poorly-characterised 

spheroid types.128 In an attempt to characterise the BT-20 multicellular spheroids 

generated using the selected liquid overlay technique, various morphometric and 

biochemical parameters were evaluated during the ten-day growth period. 

3.2.1 Gross morphology of the multicellular spheroids 

By Day 4, the spheroids had a circular structure, which was maintained up to Day 10 

(Figure 3.2 A-C). The circularity index for 49 randomly selected Day 4 spheroids was 

0.87 ± 0.01 (Figure 3.3). The spheroids were reproducibly circular, suggesting that 

across different biological repeats, the 3D cultures were susceptible to similar depth 

penetration of nutrients and compounds. 

 

Figure 3.2: Representative phase contrast images of spheroids grown using the liquid overlay method 

on Day 4 (A), Day 7 (B) and Day 10 (C). Images captured using a 5X objective lens, scale bar = 500 

µm. 
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Figure 3.3: The circularity index of randomly selected Day 4 spheroids. N = 49 randomly spheroids 

from 4 biological repeats, with at least 6 technical repeats per experiment. 

In studies describing various 3D cellular clusters, the term ‘spheroid’ is widely used.208 

Generalised use of this term does not reflect the gross structural heterogeneity of 

spheroids generated from different cell lines and is sometimes unjustifiably used to 

describe loose cellular aggregates which easily disassemble during handling.212 

Large-scale profiling of a wide panel of breast cancer cells cultured in 3D format has 

led to the identification of four main morphological classes of spheroids morphology 

namely; round, mass, grape-like and stellate (Figure 3.4).213 

Spheroids that are clustered under one morphological class have similar patterns of 

gene expression,213 and therefore, characterisation of spheroid morphology can 

partially provide potential clues to some of the molecular attributes of the cells. 

Additionally, predictions of potential drug susceptibility of spheroids can be drawn from 

observing the gross morphology. For example, loosely-compacted breast cancer 

spheroids have been shown to be more chemosensitive than tightly-compacted 

spheroids, potentially due to decreased drug penetration in dense spheroids.214 

Using the morphological classification depicted in Figure 3.4, the spheroids developed 

in the current study could potentially be clustered under the mass or round-type 

spheroids. The cells in the round class have strong intercellular adhesion properties,213 

and this phenomenon is reflected by the dense architecture of the developed 

spheroids. 
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Figure 3.4: The four distinct morphologies of breast cancer 3D cultures.213 Figure reproduced under 

the Wiley Creative Commons Attribution License (CC BY). 

It is important to note, however, that not all initially seeded cells were incorporated into 

the compact spheroids, as a small proportion of cells remained on the periphery (white 

arrows on Figure 3.5). Any cellular debris or other artefacts can preclude accurate 

morphometric analysis of spheroids.129 Therefore, prior to capturing images for 

assessment of spheroids, the medium was replenished to wash off the unattached 

cells surrounding the spheroids. Though it is likely that these cells are dead debris, the 

cells surrounding spheroids were identified and named non-spheroid forming (NSF) 

cells in a recent study.215 
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Figure 3.5: Non-spheroid forming cells (white arrows) on the periphery of a Day 4 spheroid. Image 

captured using a 5X objective lens, sale bar = 500 µm. 

Upon isolation and characterisation of these NSF cells, the authors demonstrated that 

the cells had lost essential cell-cell adhesion molecules such as E-cadherin, and only 

formed loose aggregates when sub-cultured in 3D format.215 Spheroid formation is 

dependent on homotypic interactions of these adhesion molecules, which are also 

responsible for the dynamic change in spheroid size during growth,215 a parameter 

that was analysed to further characterise the BT-20 spheroids.  

3.2.2 Change in spheroid size over the growth period 

The use of phase contrast microscopy in the characterisation of spheroid morphology 

can be extended to the evaluation of spheroid size kinetics.128 Circumscribing the 

perimeters of the region covered by spheroids in 2D projections of phase contrast 

images is used to calculate the spheroid area. Mathematical equations are then 

applied to calculate the spheroid volume; a robust analytical endpoint for evaluating 

the change in spheroid size.129 

Many researchers use software packages that are procured with microscopy 

equipment to manually draw the perimeter of the spheroid. Use of such an approach 

in the high-throughput analysis of spheroids is impractical, as a large number of 

images are generated.165 Advances in computational biology have aided in the 

development of automated spheroid image analysis algorithms,164-168 thus reducing 

labour and speeding up the analysis process. However, many of these software 

packages require re-adjustment for different batches of images, and this reduces the 

robustness of high-throughput image analysis. SpheroidSizer165 and an ImageJ 

macro129 are relatively simple spheroids image analysis tools that circumvent this 
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limitation, as they require minimal adjustments. To select an appropriate tool for the 

evaluation of the change in the size of BT-20 spheroids, the ease of use and validity 

of these two software packages was compared to manual measurements. 

A total of 60 Day 4 spheroids were measured using the three image analysis platforms. 

Representative images of correctly measured spheroids are shown in Figure 3.6 

(A-C). Manual measurement of the length and width of a spheroid requires the 

arbitrary selection of two points that the user deems appropriate. Depending on 

judgement, different dimensions were recorded from the same image (Figure 3.6 D). 

Additionally, upon analysis of the resultant measurements from the ImageJ macro and 

SpheroidSizer, it was noted that some images were erroneously analysed (Figure 3.6 

E and F, respectively). The incorrect measurements were excluded from all datasets 

and 38 spheroids were used for final comparison of the spheroid volume measured 

using the three modalities. There was no significant (P > 0.05) difference between the 

spheroid volume measured using manual delineation (3.9 × 108 µm3 ± 0.1 × 108), 

ImageJ macro (3.8 × 108 µm3 ± 0.1 × 108), and SpheroidSizer (3.7 × 108 µm3 ± 0.1 × 

108, Figure 3.7). Despite the successful validation of the image analysis platforms, 

each one is associated with different shortcomings and advantages. 
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Figure 3.6: Representative phase contrast micrographs of spheroids measured using manual 

measurements (A), the ImageJ macro (B) and SpheroidSizer (C). Image D shows different spheroids 

diameters obtained from arbitrary manual measurements, which could lead to potential error. Output 

images showing erroneously measured spheroids using the ImageJ macro (E), and SpheroidSizer are 

also shown (F). Image captured using a 5X objective magnification. Scale bar = 500 µm. Scale bars for 

figures B, C, E and F are not included, as these are output images from automated software, without 

microscope scaling. 

 

Figure 3.7: Comparison of the average spheroid volume calculated using manual measurements, 

SpheroidSizer and ImageJ. One-way ANOVA, with Dunn’s post-test, ns = not significant. N = 50 

spheroids, from 4 biological repeats, with at least 6 technical repeats per experiment. 

When analysing a large number of images using automated analysis software, errors 

that are caused by thresholding artefacts are inevitable.165 In SpheroidSizer, a tool 

known as “hand draw” allows the user to manually draw the outline of incorrectly 
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measured spheroids in the software. The software then uses the user-defined 

boundaries to calculate the spheroid volume, which is incorporated into the rest of the 

correctly-measured results, and in this way, any imperfect segmentation is 

salvaged.165 On the contrary, such a feature does not exist in the ImageJ macro, and 

erroneously delineated spheroids need to be manually-measured using vendor-

supplied microscopy software. The obtained result will have to be manually typed into 

data capturing software (such as Microsoft Excel) before volume calculations can be 

conducted, and this could be disadvantageous in high-throughput analysis. 

SpheroidSizer calculates volume (V) by using the measured length and width of the 

spheroid using the formula: (𝑉 =  0.5 × 𝐿 × 𝑊2). This approach is problematic as it 

assumes that all spheroids to be measured are perfectly circular. 

This limitation is circumvented in the ImageJ macro, as it uses the projected area (S, 

µm2) of the spheroid to calculate the radius: (𝑅 = √
𝑆

𝜋
) and volume: (𝑉 =  

4

3
𝜋𝑅3) in 

µm3.129 This approach is not only limited to circular spheroids as it is applicable to 

ellipsoids with a L:W ratio of up to 1:5.129 An additional advantage of the imageJ macro 

is that it computes the circularity index of spheroids, and therefore, provides a platform 

for automated analysis of both spheroid size and shape. 

Not considering the few associated limitations, both the software are robust and time-

saving platforms that require minimal user input for the automatic measurement of the 

size of spheroids. The results in SpheroidSizer are exported in a 96-well plate 

formatted spreadsheet that is amenable for use in spheroid drug screens, however, 

this requires an investment of time into naming the images according to their 

respective position on the experimental plate. In instances where the locus of the 

spheroid is of no substantial importance, the ImageJ macro can be alternatively used, 

as no specific naming of the files is required prior to computation. Considering these 

convenience factors, ImageJ was chosen to analyse the change in spheroid size over 

ten days, while SpheroidSizer was used to analyse the alteration of spheroids volume 

after drug treatment. 
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The average spheroid volume decreased significantly (P < 0.001) from Day 4 (3.9 × 

108 µm3 ± 0.1 × 108) to Day 7 (2.7 × 108 µm3 ± 0.1 × 108) and further decreased to Day 

10 (2.1× 108 µm3 ± 0.1 × 108), representing a 31% decrease in volume between Day 

4 and Day 7 and a further 22% decrease between Day 7 and Day 10 (Figure 3.8 A). 

The average spheroid diameter also decreased significantly (P < 0.0001) from 901 ± 

7.0 µm on Day 4 to 800 ± 6.7 µm and to 737 ± 7.1 µm on Day 10, with an 18% reduction 

in spheroid diameter between Day 4 and Day 10 (Figure 3.8 B). The greatest decrease 

in spheroid volume was, therefore, between Day 4 and Day 7, and the volume 

continued to decrease from Day 7 and Day 10. 

 

Figure 3.8: (A) The average spheroid volume on Day 4 (N = 50 spheroids), Day 7 (N = 62 spheroids) 

and Day 10 (n= 35 spheroids). (B) The average spheroid diameter on Day 4 (N = 50 spheroids), Day 7 

(N = 62 spheroids) and Day 10 (N = 35 spheroids) from 4 biological repeats, with at least 6 technical 

repeats per experiment. One-way ANOVA, with Dunn’s multiple comparison post-test, *** = P ≤ 0.001. 

Spheroid compaction over time is a consequence of the establishment of strong 

intercellular connections.216 Analysis of the 2D projected area of hepatoma205 and 

prostate cancer216 phase contrast images has been used to investigate the 

compactness of spheroids during formation. This led to the identification of three 

distinct phases during spheroid growth; an initial stage of rapid compaction, a delay 

period, and a period where there is a decline in size205 (Figure 3.9). A further decrease 

in the size of spheroids on subsequent days following initial formation has recently 

been reported,217 and this phenomenon is regulated by the cytoskeleton and 

constituents of the ECM such as cadherins and integrins. 



55 | P a g e  
 

 

Figure 3.9: Stages of spheroid formation.218 Image reproduced with permission from the Royal Society, 

license number: 4519211100872. 

Though spheroid volume is a robust parameter that can be used to characterise 

spheroid growth and chemotherapeutic sensitivity, estimating the health of the 

spheroid exclusively based on size can be misleading due to distinct reasons. 

Shedding of cells on surfaces of spheroids with a diameter greater than 250 µm has 

been described,219 therefore, the decrease in size could be due to cellular death rather 

than compaction. Secondly, the cell density across the spheroid can differ, with 

loosely-packed cells in the inner parts of the spheroid, and tightly packed cells on the 

periphery.220 Thirdly, cells might shrink in response to stress signals, without any 

alteration in metabolic activity.164 To substantiate the findings from spheroid volume 

assessment, it was imperative to further investigate parameters such as protein 

content, live/dead status and the histology of the spheroids. 

3.2.3 Time-course protein content of the spheroids. 

On Day 4, an average of 7.0 ± 0.48 µg of protein was measured per spheroid. The 

amount of protein increased by approximately 11% to 7.8 ± 0.54 µg per spheroid on 

Day 7. Similarly, from Day 7 to Day 10, the protein content (µg per spheroid) increased 

by 9% to 8.5 ± 0.73 µg (Figure 3.10). Therefore, across the 10-day growth period, the 

protein content per spheroid only increased by 21.4%, and the difference in the protein 

content across the different days was not statistically significant (P >0.05). 
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Figure 3.10: Average protein content (µg per spheroid) of Day 4, Day 7 and Day 10 spheroids. N = 5 

biological repeats. one-way ANOVA with Dunn’s multiple comparison test. ns = not significant (P >0.05).  

The increase in the protein content per spheroid coupled with a decrease in size 

supports the speculation that the decrease in spheroid size is due to compaction rather 

than cell death. In addition to playing a central role in spheroid compaction, the protein 

E-cadherin interacts with β-catenin to promote the transcriptional activation of proteins 

such as cyclin D1 and c-myc.221 These proteins facilitate the G1 to S-phase 

progression of cells of the cell cycle, and thus their upregulation could promote the 

differentiation and proliferation of cells in spheroids.218 

Given that the doubling time of monolayer-cultured BT-20 cells is approximately 

60 h,222 if the 3D-cultured counterparts retain the same proliferative rate, at least a 

three-fold increase in protein content per spheroid would be expected between Day 4 

and Day 10. However, the change in the protein content was lower than this, 

suggesting a reduction of the proliferative capacity of the BT-20 cells when grown in 

3D format. Compelling evidence has shown that metabolic reprogramming in 

spheroids during growth is coupled with a decrease in cellular growth rates.223 

Additionally, it has been reported that viable cells are restricted to the outer 150 µm of 

spheroids, while cells in the inner regions either progress slowly through the cell cycle 

or resort to a dormancy due to O2 and nutrient starvation.224 The insignificant change 

in protein content over the growth period is, hence, potentially due to the altered 

cellular kinetic profile of cells across the spheroid. Although time-course protein 

content analysis can provide insight into the zonal differentiation of spheroids,208 this 
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phenomena should be confirmed with assays that specifically reveal the viability and 

structural attributes of cells across the spheroids. 

3.2.4 Live dead status 

The hydrolysis of esters such as FDA by viable cells produces fluorochromasia; a 

phenomenon characterised by the appearance of bright-green fluorescence that can 

be easily visualised under a microscope.225 The FDA substrate is non-polar and readily 

penetrates through cell membranes before it is converted to polar fluorescein by 

intercellular esterase enzymes in viable cells.225 This conversion can be used as an 

indicator of the viability and membrane integrity of cells within multicellular spheroids. 

Propidium iodide is a red fluorescent, DNA intercalating and membrane impermeable 

compound that is used to stain membrane-compromised or dead cells.200 The viable 

and dead cells within the spheroids were identified using two-colour staining with 

green (FDA for viable cells) and red (PI for dead cells) fluorescence. 

The majority of cells within spheroids were viable after ten days of growth, as indicated 

by the dominance of green fluorescence after FDA staining. The fluorescence intensity 

of FDA was high in cells on the outer spheroid rim, gradually decreasing towards the 

centre, inferring decreased viability of cells in inner spheroid regions. Quiescent cells 

typically have reduced metabolic rates, and the decreased fluorescence in the inner 

regions could be a consequence of slower cleavage of the FDA moiety. The PI 

fluorescence was higher in cells situated in the middle region of the spheroids, 

compared to those towards the periphery. The staining of PI was maintained during 

the growth period, however, on Day 10 the dye was more dispersed compared to Day 

4, suggesting an increase in the distribution of membrane-compromised cells during 

the growth period. Considering the merged staining patterns of FDA and PI, it is likely 

that the metabolically active cells were confined to the periphery, while the middle 

portion mainly contained membrane compromised cells (Figure 3.11). 

Disruption of the cell membrane is a classical hallmark of necrosis.226 The observed 

increase in PI staining and decreased fluorescein retention in the middle spheroid 

regions suggests centralised cellular necrosis in the developed spheroids. However, 

careful consideration must be taken when making such an inference solely based on 

results from the live/dead assay. Dead cells may present residual esterase activity, 

hence complicating the evaluation of cells that stain positively with both FDA and PI.227 
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Additionally, intact spheroids with many cell layers are used in the analysis of the 

distribution of FDA and PI across the sample, and reduction of fluorescence intensity 

could be a consequence of insufficient light penetration rather than the attenuation of 

metabolic activity. In this way, the true representation of the spatial heterogeneity of 

cellular viability/death across the spheroids might not be sufficiently revealed. To 

alleviate these shortcomings, the spheroids were sectioned and histologically 

evaluated to confirm the results obtained from the live/dead assay. 

 

 

Figure 3.11: Representative fluorescence microscopy images of spheroids stained with FDA and PI, 

and a composite thereof on Day 4 (A-C), Day 7 (D-F) and Day 10 (G-I). Images captured using a 5X 

objective lens, scale bar = 100 µm. 

3.2.5 Histological characterisation of the spheroids 

Histological examination has been used to analyse various characteristics of tissue in 

microscopic environments. A commonly used technique is based on fixation with 4% 

formaldehyde prior to paraffin embedding and subsequent sectioning.228 The major 

challenge with this approach is its laborious and time-consuming nature. Fixation 

further aggravates this limitation, as it results in cross-linking of antigen binding sites, 

thus necessitating an investment of time in conducting antigen retrieval steps before 
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immunostaining.228 These challenges are worse in the histological analysis of 3D 

cultures due to their small size and delicate nature.229 Recently, gelatin embedding 

has been used prior to cryosectioning and analysis of the spatial distribution of proteins 

across spheroids.159 The embedding process is quicker and tissue fixation is not 

necessary, therefore, the numerous steps associated with paraffin embedding are 

circumvented.159 The applicability of gelatin embedding and cryosectioning in the 

evaluation of the architecture of cells in the BT-20 spheroids was compared to 

traditional paraffin embedding and microtoming.  

The whitish colour of unfixed gelatin-embedded spheroids made them 

indistinguishable against the milky background of frozen gelatin. To enhance visibility 

the spheroids were stained with 0.5% gentian violet prior to embedding (black arrows 

in Figure 3.12 A and B). Staining of cryosectioned spheroids resulted in background 

staining of the gelatin sections, making it difficult to identify the mounted spheroids on 

the slide (Figure 3.12 C). Microscopic examination of the mounted slides indicated that 

the spheroids were torn during sectioning, as indicated by the disruptions of the 

continuous boarder of the spheroid (Figure 3.12 D). In future, heating of the mounted 

slides can potentially aid in the removal of the gelatin matrix, however, this heating 

can result in disruption of the original morphology of the spheroids. Alternative 

embedding material such as the OCT compound could also be used in facilitating the 

optimal sectioning of cryopreserved unfixed spheroid samples.230 

 In the paraffin-based protocol, the wax was removed using xylene, resulting in 

circumvention of background staining of the embedding matrix. Additionally, there was 

only minimal tearing of the spheroid edges during sectioning of paraffin blocks (Figure 

3.13). Paraffin embedding and microtoming were therefore chosen over gelatin 

embedding and cryosectioning. 
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Figure 3.12: Multicellular spheroids stained with 0.5% gentian violet (A) and embedded in gelatin (B). 

The mounted slides had background staining (C), and the spheroid structure was not preserved after 

sectioning (D). Image D captured using a 10X objective lens, scale bar = 100 µm. 

The manual processing of paraffin-embedded samples improves spheroid survival 

and maintains sample integrity.229 Spheroid drug screens often generate many 

samples,128 resulting in the need to conduct high-throughput histological assessment. 

Semi-automated tissue processing platforms are conventionally used for the 

histological assessment of macroscopic clinical samples, however, such arrays cannot 

be used on spheroids, due to the increased risk of the degradation of the delicate 

samples.229 There remains a need to develop techniques that are optimised for the 

high-throughput, automated analysis of spheroid histology. The development of 

microarrays for the high-throughput single-cell analysis of spatial patterns in spheroids 

has consequently garnered attention recently,178 and successful adoption of such 

platforms in future can possibly lead to a decrease in the turnaround time and 

reduction of sample disruption. 
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The H&E staining pattern was almost homogeneous in Day 4 spheroids, with slightly 

more nuclear (haematoxylin) staining on the outer spheroid regions compared to the 

inner areas (Figure 3.13 A). There was a distinct gap separating a cluster of cells in 

the middle region from the outer rim (yellow arrow in Figure 3.14 B). The cells in the 

inner portion of the spheroid appeared less disorganised and smaller compared to 

those on the periphery, suggesting continued spatial differentiation of cellular 

architecture from Day 4 to Day 7. This differentiation was more pronounced on Day 

10, which displayed distinct spatial heterogeneity of cell morphology across the 

spheroid (Figure 3.13 C). Micrographs of Day 10 spheroids captured using a 40X 

objective lens indicated that the outer ~90 µm of the spheroid consisted of densely 

packed cells with evident staining for both nuclear and cytoplasmic components 

(Figure 3.14 A). In contrast cells in the inner region were smaller, more dispersed, and 

only predominantly stained with eosin, with minimal binding of haematoxylin (Figure 

3.14 B). 

 

Figure 3.13: Representative brightfield images of spheroids stained with H&E on Day 4 (A), Day 7 (B), 

and Day 10 (C). Spheroids captured using a 20X magnification lens. Scale bar = 100 µm. 
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Figure 3.14: Representative high-magnification brightfield micrographs of H&E stained spheroids. 

Large and intense staining cells were confined to the outer 91 µm of the spheroid, and a distinct gap 

separated the inner spheroid region from the outer rim (A). Cells in the inner core appear smaller and 

predominantly stain with eosin (B). Images captured at 40X magnification. Scale bar = 100 µm. 

Similar findings were reported by the pioneers of the multicellular spheroid model 

system in 1971. The research group demonstrated that centralised necrosis occurred 

in multicellular lung cancer spheroids.143 Analysis of an H&E stained micrograph 

revealed three distinct zones: an outer layer of four or five darker-staining cells, an 

intermediate zone containing cells with less densely-staining nuclei, and a central 

necrotic zone.143 The distinct gap separating the inner necrotic mass from the outer 

rim was also apparent (Figure 3.15). 

 

Figure 3.15: Multicellular spheroid stained with H&E, as described by Sutherland and colleagues.143 

The spheroid has a well-defined necrotic region, surrounded by an outer rim. The diameter of the 

spheroid is 450 µm. Image reproduced with permission from Oxford University Press, license number: 

4527521156868. 
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Considering that DNA increases substantially during the S-phase of the cell cycle and 

that haematoxylin primarily binds to nucleic acids,201 it is reasonable to assume that 

the profound staining of haematoxylin in the marginal rim of the BT-20 spheroid is a 

consequence of the rapid proliferation of these cells. Likewise, the reduction of nuclear 

staining in the inner spheroid core suggests reduction of growth and potential necrosis 

of this population of cells. Such a deduction would corroborate with the protein content 

and live/dead data that speculated the existence of a spatial proliferative gradient with 

rapidly growing cells near the spheroid margin, and dormant or necrotic cells near the 

core of BT-20 spheroids. 

From early days of spheroid research, it was established that the development of 

centralised necrosis is a function of the diameter, with occurrence of cellular necrosis 

from spheroids with a diameter of 400 µm and above.231 Spheroids developed in the 

current study had diameters that are larger than this, therefore, development of 

necrosis in cells within the inner regions was likely. 

Various mathematical models have been used to establish the role of 

microenvironmental cues in the development of cellular necrosis in multicellular 

spheroids.232 All these models suggest that both cellular necrosis and cell proliferation 

are dependent on the concentration of molecules that diffuse from surrounding culture 

media into inner parts of spheroids.232 Examples of such chemicals are glucose and 

O2. The proliferation rate of cells in spheroids is thought to be an empirical function of 

these molecules.219 

In the late 1980s, it was demonstrated that necrosis is caused by joint-deprivation of 

both glucose and O2. It should be kept in mind that the depletion of a single molecule 

does not exclusively lead to necrosis in tumour analogues.233 Cells that are only 

starved of O2 could use anaerobic glycolysis, and cells deprived of only glucose could 

catabolize other substances to survive, provided they still retain the ability to carry out 

oxidative phosphorylation.233 However, there is no obvious mechanism of survival for 

cells that lack both O2 and glucose.233 Joint-starvation of O2 and glucose can result in 

the depletion of ATP, and cell death has been demonstrated in spheroids when ATP 

levels are below a specific critical level.232 
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The necrosis in the BT-20 spheroids could accordingly have been due to reduced O2 

and glucose delivery into the inner part of the spheroids. Even though the medium was 

replenished constantly, the third dimension in the inherent conformation of spheroids 

might pose a barrier to sufficient penetration of molecules across the entire structure. 

Small molecules penetrate easily in loose spheroids, compared to more compact 

ones.205 Therefore, it could have been more difficult for nutrients to sufficiently diffuse 

as the spheroid compacted during growth, thus explaining the continued differentiation 

of cellular morphology in the spheroid core from Day 4 to Day 10. 

In addition to joint O2 and glucose depletion, other factors contribute to the 

development of necrotic regions in spheroids. The pH is known to decrease with depth 

into the spheroid centre.131 Due to low oxygenation, the cells in inner spheroid regions 

might adapt to anaerobic metabolism, leading to the accumulation of acid and other 

metabolic waste and subsequent death.131 Freyer and colleagues234 isolated and 

partially purified extracts from spheroids with extensive necrosis, and these extracts 

demonstrated cytotoxic activity on monolayer-cultured cells. This led to the speculation 

that the release of growth-inhibitory molecules by necrotic cells in spheroids causes 

the collateral damage of neighbouring cells, ultimately exacerbating centralised 

necrosis.234 

Although various mechanisms have been proposed to explain this existence of growth-

regulatory substances in necrotic spheroid regions,234 very limited efforts have been 

made to provide insight into the role of such chemical mediators. However, in a recent 

study,235 the content within necrotic regions of breast cancer spheroids was isolated 

and analysed. It was shown that the content of these necrotic cells enhances 

angiogenesis and proliferation of endothelial cells, induces vasculature and increases 

migration, invasion, and cell-cell interactions in vitro. 

In vivo experimentation in the same study, where xenografts of these breast cancer 

cells were exposed to necrotic lysates resulted in enrichment of tumour-promoting 

factors. These findings suggest a paradigm shift where characterising and therapeutic 

targeting of factors secreted by necrotic cells can be used to enhance therapy.235 

Tumour necrosis occurs primarily in advanced fast growing tumours,236 

characterisation of these chemical entities in necrotic tumour regions may be 

hampered by some of the limitations associated with human and animal testing. The 
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observed necrosis in the BT-20 spheroids renders the model a potentially attractive 

alternative platform for conducting such investigations. 

While necrotic cell death in central regions of these BT-20 spheroids was 

demonstrated, the potential existence of dormant cells in this region cannot be 

neglected. Though the inner region of Day 10 spheroids predominantly stained for 

eosin, the region was not completely void of haematoxylin-positive cells. A few 

dispersed nuclei were identified on the inner core of the spheroid (Figure 3.14 B), 

however, they appear smaller than the nuclei in the outer rim, suggesting reduced 

growth of some of the cells in the core (Figure 3.14 A). Correspondingly, as shown in 

Figure 3.11 G, the cells in the central spheroid regions exhibited a level of metabolic 

activity though it was lower than that of cells in the outer rim. Combining these 

observations, it could be speculated that there is a co-existence of both necrotic and 

dormant cells within the inner circle of the BT-20 spheroids. However, staining with 

markers for dormancy and apoptosis will need to be conducted in future to conclusively 

demonstrate this. 

A closer observation of the outer spheroid rim shows that cells in the peri-necrotic half 

appear to have slightly less nuclear staining and smaller cells than the outermost half 

(approximately five to seven cell layers). This peri-necrotic portion of the outer rim 

could potentially be the ‘dormant layer’. It has been reported that proliferative cells 

make up about three to five cell layers of the viable rim while quiescent cells are 

located more centrally.142 Therefore, even though the presence of dormant cells in the 

spheroid is very likely, their distribution is not clearly defined. 

Researchers widely describe a concentrically-ordered pattern of spatial distribution of 

the proliferative potential of cells across multicellular spheroids, with an inner necrotic 

core, a middle dormant layer, and an outer proliferative rim.131,220 However, in many 

experimental settings, this systematic distribution of different cells across spheroids is 

not always obvious. For example, in a recent study,237 necrosis (indicated by H&E 

staining, Figure 3.16 A) and apoptosis (indicated by caspase-3 staining, Figure 3.16 C) 

were restricted to an inner core of LLC human sarcoma spheroids, while proliferative 

cells (indicated by Ki-67 staining) were restricted to the outer rim (Figure 3.16 B), 

without a clear gradient of distribution of these parameters across the spheroids.237 

Additionally, the morphological characterisation of a panel of spheroids of eleven 
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different cell lines using H&E staining showed that while some spheroids had a faintly-

staining necrotic core, spheroids from some cell lines stained uniformly.178 Therefore, 

the potential existence and extent of zonation of spheroids are reliant on experimental 

conditions and the identity of the cell line in question. 

 

Figure 3.16: Sections of LLC human sarcoma spheroids stained with H&E (A), Ki-67/DAPI (B) and 

cleaved caspase-3 (C). Scale bar = 200 µm. The image was adopted and slightly modified from Riffle 

et al.237 There is no clear distinction of the distribution of spheroids zones. Permission to reprint provided 

under the Creative Commons Attribution 4.0 International License. 

The presence of dormant cells within spheroid regions has been previously 

reported.125 Similar to poorly-perfused tumour microregions, some cells within inner 

spheroid regions remain in a viable, but non-proliferative state due to reduced O2 and 

nutrient supply.125 Additionally, some cells are known to disseminate from the primary 

tumour to distant sites where they remain inactive for many years.149 Dormant cells 

often ‘awaken’ into a proliferative state after years or decades after chemotherapy to 

form resistant metastases.155 

Patients with dormant disseminated tumour cells are, therefore, at a higher risk of 

metastatic relapse,155 and this highlights the importance of understanding the biology 

of dormant cancer cells. As such, elucidation of mechanisms underlying the 

dissemination and reactivation of dormant tumour cells is a recent awakening field.150 

A variety of genetically engineered, orthotropic and metastatic mouse models have 

been used to gain insight into tumour cell dormancy.238 However, the drawback of 

these models is their inability to allow for sufficient control of the organ environment 

for controlled investigations. Additionally, the inter-animal variability and costly nature 

of such models can render their use in studying cancer dormancy a challenging 

pursuit.238 In recent years, bioengineered models (including 3D cultures) for studying 
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the role of the TME in cellular dormancy have been developed and extensively 

reviewed.238 Multicellular 3D culture models such as the BT-20 spheroids described 

here could be useful as future tools for probing the role of the TME in regulating tumour 

dormancy, as they allow for optimum recapitulation of the tumour micromilieu in a 

physiologically robust and controlled manner. 

Parameters such as glucose consumption, and accumulation of acid and various 

growth-regulatory mechanisms could have played a role in the observed spatial 

difference in the morphology of cells across the spheroid. However, the evaluation of 

such cues within the BT-20 spheroids was beyond the scope of the current study, due 

to the complexity associated with such analyses. Hypoxia plays a key role in the 

induction of cellular necrosis and other key features within the tumour micromilieu.115 

The development and commercialisation of a cell-permeable, iridium-complex that 

quickly fluoresces in environments with less than 5% O2 have provided a flexible tool 

for detecting hypoxic environments within multicellular spheroids.177 This type of probe 

was used to assess the induction of hypoxia within BT-20 spheroids. 

3.2.6 Investigation of hypoxia within the spheroids 

On spheroid culture Day 4, fluorescence of the Image-iT® probe was confined to the 

inner spheroid regions, while the fluorescent signal was slightly attenuated in the outer 

regions (Figure 3.17 A-C). On Day 7, the fluorescence intensity of the probe increased 

across the spheroids, with a marginal rim displaying reduced fluorescence (Figure 

3.17 D-F) indicative of higher than 5% oxygen concentrations. With a smaller marginal 

rim that had minimal staining, the fluorescence was distributed through virtually all 

areas of Day 10 spheroids (Figure 3.17 G-I). The inner most spheroid regions had 

minimal staining, and this could be either due to i) limited penetrance of the probe, ii) 

light scattering within deep spheroid regions or iii) fluorescence quenching of the probe 

by metabolic waste. No fluorescence was detected in monolayers cultured for 24 h. 

These observations suggest the inherent development of hypoxic regions which 

increases with growth in BT-20 spheroids cultured in normoxic conditions, while such 

a hypoxic phenomenon is not evident in the monolayer-cultured counterpart. 
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Figure 3.17: Phase contrast, fluorescence and a composite of spheroids stained with the Image-iT® 

hypoxia probe on Day 4 (A-C), Day 7 (D-F) and Day 10 (G-I). All images captured using a 5X objective 

lens. Scale bar = 250 µm. 

The gradient profiles of the oxygenation status across the viable rim and necrotic 

regions of spheroids have been extensively described, and these gradients may vary 

in different spheroid types.142 Hypoxia occurs to some degree in many in vivo solid 

tumours due to rapid O2 depletion, inadequate neovascularization, and insufficient 

blood flow.239 Cancerous tissue often exhibits heterogeneity in O2 concentrations 

which range from normoxia to mild hypoxia and severe levels of hypoxia.239 The 

development of hypoxia has implications on the cellular behaviour and therapeutic 

response of tumor cells.239 Similarly, cells within spheroids are reported to undergo 

various adaptations within the hypoxic environment to promote the evolution of cells 

with a potentially aggressive phenotype.240 

Severe hypoxia causes replication stress, which results in activation of the DNA 

damage response (DDR) kinases, Ataxia Telangiectasia Mutated (ATM) and ATM-

and-Rad3 related (ATR).1 These kinases then phosphorylate downstream targets 

such as the H2A histone family member X (γ-H2AX), p53-Ser15, Chk1-Ser345, and 
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Chk2-Thr68.1 These ATM/ATR-regulated targets mediate the stabilisation of 

replication forks, prevent further DNA damage, initiate repair, and ultimate cellular 

survival. The phosphorylation of γ-H2AX is a critical step in facilitating the repair and 

survival of DNA-damaged cells.1 In a recent study,237 the spatial correlation between 

cellular proliferation and γ-H2AX staining in hypoxic regions of multicellular tumour 

spheroids was demonstrated, suggesting hypoxia-induced DDR and subsequent 

survival in 3D-cultured cells.  

Hypoxia in spheroids often correlates with glucose deprivation.233 In environments that 

are deprived of O2 and glucose, cells in tumours metabolically adapt by storing 

glycogen during mild hypoxia, which is subsequently broken down to glucose during 

severe hypoxia.13 Recapitulation of such metabolic adaptation was recently 

demonstrated in multicellular spheroids.241 Characterisation of the glucose 

consumption of a human colon carcinoma spheroid model showed that rapid 

consumption of glucose was coupled with increased production of lactate and 

acidification of medium, confirming a metabolic switch from oxidative phosphorylation 

to glycolysis.241 The simulation of cellular metabolic adaptations observed in vivo 

demonstrates the potential worth of spheroids as a physiologically relevant model for 

the in vitro therapeutic targeting of metabolic pathways in cancer.240 

The therapeutic efficacy of anti-cancer compounds could, therefore, be affected by the 

adaptations of cells to the hypoxic environment of multicellular tumour spheroids. In 

combination with hypoxia, other phenotypic attributes of the BT-20 cell spheroids could 

contribute to the differential response to chemotherapy, in comparison to monolayers. 

For example, it has recently been shown that the induction of both hypoxia and 

necrosis contributes to the resistance of spheroids to 5-flourouracil.242 Considering the 

possibility of altered drug susceptibility, the chemotherapeutic sensitivity of BT-20 cells 

was compared to that of monolayers. 

3.3 Comparative assessment of the efficacy of doxorubicin in 2D 

and 3D 

It is increasingly recognised that monolayer culturing is not a reliable in vitro platform 

for predicting the in vivo therapeutic efficacy of antineoplastic drugs.214 Multicellular 

spheroids are emerging as a better in vitro alternative for conducting drug screens of 

innovative chemotherapy compounds, as these models better-simulate the 
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microenvironmental cues of in vivo tumours.131 Prior to the adoption of the 3D model 

in such drug screening, it may be necessary to investigate the chemosensitivity of 

spheroids to drugs that are already in clinical use. In addition to allowing for the 

comparison of the efficacy of the compounds to the response observed in vivo, such 

probing would allow adoption of clinically-approved drugs as treatment controls when 

conducting drug screening of novel chemical entities on spheroids.128 Examples of 

such compounds include cisplatin, doxorubicin, 5-fluorouracil, irinotecan and 

paclitaxel.128 Doxorubicin was chosen in the current study to investigate the differential 

response of monolayer- and 3D-cultured BT-20 cells. 

In the current study, the cytotoxic range of doxorubicin was evaluated on monolayer 

cultured cells prior to investigation of the effects of these concentrations on the BT-20 

spheroids.  

3.3.1 Evaluation of the monolayer cytotoxic range of doxorubicin 

A wide array of cell enumeration assays exists for the evaluation of toxicity of 

compounds on cultured cells, each one with its associated advantages and 

shortcomings.243 When choosing an assay for the cytotoxic evaluation of compounds, 

it is necessary to consider the linear range, sensitivity and reproducibility of the 

technique. The SRB assay is the preferred platform for screening lead compounds at 

the National Cancer Institute in the United States of America.243 In addition to 

possessing high sensitivity, the SRB assay has low variability in comparison to other 

commonly-used monolayer cell enumeration assays, therefore, minimal replicates 

have to be conducted to obtain reliable results.243 The SRB assay was therefore 

chosen to obtain the cytotoxic range of doxorubicin on 2D-cultured BT-20 cells. The 

APH assay was conducted in parallel as a means of partially confirming the dose-

response observed with the SRB assay. 

Increasing concentrations of doxorubicin exerted a sigmoidal, dose-dependent 

reduction in both cell density (Figure 3.18 A) and APH activity (Figure 3.18 B). The 

toxic and sub-toxic concentrations of doxorubicin tested are provided in Table 3.1. An 

IC50 of 310 nM and 287 nM was obtained with the SRB and APH assay, respectively. 

However, the IC25 and IC75 values obtained from the APH assay were lower than those 

from the SRB assay. While the sigmoidal dose-response tapers off at high 

concentration in the SRB assay, a complete cytotoxic response is noted with the APH 
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assay. The mechanistic differences in the principle of cytotoxicity evaluation may 

explain the discrepancies observed between the IC25 and IC75 of the two assays. In 

the APH assay, cytotoxicity is estimated by evaluating the alteration of metabolic 

activity, a cellular parameter that may be attenuated without significant cell death.161 

The SRB assay, on the other hand, is deemed as a true cell enumeration assay, as it 

does not rely on metabolic activity, but rather binds to fixed proteins and some dead 

cell portions.202 In doing so, limitations associated with biological parameters that 

could alter cellular metabolic activity are circumvented. Additionally, the SRB assay is 

sensitive enough to detect low numbers of cells that are viable, which would potentially 

not be the case in metabolism-based enumeration assays.243  

  

 

Figure 3.18: Dose-response curves showing the alteration of cell density, N = 5 biological repeats (A) 

and APH, N = 4 biological repeats (B) of monolayers treated with half-log dilutions of 32 µM doxorubicin 

for 72 h. The IC50 was calculated using non-linear regression curve fit (log[inhibitor] vs response) with 

robust fit. 

Table 3.1: Toxic and sub-toxic concentrations of doxorubicin (72 h) obtained using the SRB and APH 

assays. 

 IC25 IC50 IC75 

SRB 130 nM 310 nM 1580 nM 

APH 79 nM 287 nM 850 nM 

 

The concentrations from the SRB assay were, then used for downstream 

experimentation. Phase contrast microscopy and FDA staining were used to 

investigate the effect of toxic and sub-toxic concentrations of doxorubicin on 

monolayer cell density and viability, respectively. The number of cells per surface area 

decreased with increasing concentrations of doxorubicin, as indicated by the phase 
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contrast micrographs in Figure 3.19 (A-D). Similarly, the amount of staining of FDA 

decreased with increasing concentrations of doxorubicin, indicating reduced viability 

at the concentrations used (Figure 3.19 E-H). 

 

Figure 3.19: Phase contrast micrographs (A-D), and fluorescence microscopy images of monolayers 

treated with toxic and sub-toxic concentrations of doxorubicin for 72 h. Images captured using a 10X 

objective lens. Scale bar = 100 µm. 

Doxorubicin elicited a cytotoxic response on monolayers at the concentrations, as 

indicated by the dose-responses in Figure 3.18 and the alteration of cellular 

parameters indicated in Figure 3.19. Comparable IC50 values of doxorubicin have 

widely been reported. For example, the evaluation of the antiproliferative efficacy of 

doxorubicin on a panel of ten different breast cancer cell lines using the SRB assay 

indicated that the concentrations required to inhibit cellular growth by 50% ranged from 

181 nM to 1122 nM, with an IC50 of 459 nM for BT-20 monolayers.244 The slight 

difference in the IC50 of doxorubicin to that in the current study can be attributed to 

different experimental parameters such as the seeding density, however, it is apparent 

that doxorubicin induces a cytotoxic effect on BT-20 monolayers within the hundred-

nanomolar concentration range. Within these concentrations, doxorubicin induces cell 

death via several mechanisms including topoisomerase poisoning and cell cycle arrest 

at the G2/M phase of the cell cycle (Table 3.2). 
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Table 3.2: Cytotoxic mechanisms of doxorubicin and their corresponding concentrations. Table 
adapted from Yang et al.245 

Mechanism Concentration Reference 

Topoisomerase II poisoning 400 nM Gewirtz et al246 

Free radical formation 100 nM Doroshow et al247 

Ceramide overproduction 300 nM Coldwell et al248 

G2/M phase arrest 1 µM Ling et al249 

The anticancer efficacy of doxorubicin can mainly be attributed to inhibition of the 

topoisomerase II enzyme.102 This is a highly-conserved ATP-dependent enzyme that 

maintains the tri-dimensional structure of DNA through breaking and re-sealing the 

entangled portions of DNA, thus releasing the torsional stress formed during 

replication.250 Inhibition of the enzyme impedes the resealing of DNA, leading to DNA 

damage, inhibition of DNA replication, failure to repair strand breaks and ultimately 

cell death.250  

Doxorubicin can exert its cytotoxic effects by inducing apoptosis via various 

mechanisms. The drug increases the levels of ceramide,248 a lipid molecule that is 

involved in various cellular processes such as growth arrest and apoptosis. It has also 

been shown that the growth-inhibitory effects of doxorubicin are cell cycle-dependent 

and are partially mediated through the dysregulation of a p34cdc2/cyclin B1 complex, 

which leads to a G2/M phase arrest and subsequent apoptosis.249 Additionally, 

doxorubicin can induce apoptosis by enhancing the expression of death receptor 5 

(DR5).251 The tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) 

interacts with the DR5 to induce apoptosis via the death inducing signaling cascade. 

It has been recently shown that doxorubicin acts as a DR5 agonist to augment TRAIL-

mediated apoptosis in TNBC cells.251  

Addition of one electron to the quinone moiety of doxorubicin by NADP(H) 

oxidoreductases results in the formation of a semiquinone radical. This semiquinone 

reacts with O2, to form superoxide and hydrogen peroxide (H2O2).252 Additionally, 

doxorubicin forms complexes with iron, which catalyse the conversion of H2O2 to highly 

reactive hydroxyl radicals. Doxorubicin-induced production of free radical causes 

oxidative stress and consequential cellular death.245 
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Considering that monolayers may display distinct susceptibility to chemotherapeutic 

drugs compared to spheroids of the same cell line, the cytotoxic concentrations 

determined using the SRB assay were used evaluate the efficacy of doxorubicin in 

monolayers, compared to spheroids. 

3.3.2 Cytotoxic efficacy of doxorubicin on spheroids 

While the percentage APH activity relative to the negative control at the IC25, IC50 and 

IC75 decreased significantly (P ≤ 0.0001) in monolayers (Figure 3.20 A), the enzymatic 

activity was not significantly (P > 0.05) altered in multicellular spheroids (Figure 3.20 

B). 

 

Figure 3.20: The effect of the IC25, IC50, and IC75 of doxorubicin on the APH activity of monolayers, 

N = 4 biological repeats (A) and Day 4 spheroids, N =7 biological repeats (B). **** = P ≤ 0.0001. 

Statistical significance calculated using one-way ANOVA, with Dunn’s multiple comparison post-test. 

NC = negative control, PC =positive control, VC = vehicle control. 

Relative to the negative control, the circular morphology and the integrity of the 

spheroids was maintained at the IC25, IC50, and IC75 (Figure 3.21). Additionally, the 

IC25 and the IC50 did not significantly (P > 0.05) alter the volume of the spheroid in 

comparison to the negative control, while the IC75 significantly (P ≤ 0.001) decreased 

the spheroid volume by only 25% (Figure 3.22). Taken together, these results indicate 

that concentrations that elicit a cytotoxic response in monolayers did not alter spheroid 

volume and metabolic activity (robust parameters for endpoint analysis of drug efficacy 

on spheroids), thereby reducing the efficacy of the drug in spheroids compared to 

monolayers. 



75 | P a g e  
 

 

Figure 3.21: Representative phase contrast images showing the change in morphology of spheroids 

after a 72-h treatment of Day 4 spheroids with the IC25 (A), IC50 (B) and IC75 (C) of doxorubicin. Images 

captured using a 5X objective lens, scale bar = 500 µm. 

 

Figure 3.22: Change in the volume of spheroids relative to the negative control after a 72-h treatment 

with the IC25, IC50, and IC75 of doxorubicin. N = 5 biological repeats. *** = P ≤ 0.001. Statistical 

significance calculated using one-way ANOVA, with Dunn’s multiple comparison post-test. NC = 

negative control, PC = positive control, VC = vehicle control. 

To investigate whether higher concentrations of doxorubicin could elicit a cytotoxic 

effect on multicellular spheroids, the 3D model was treated with 3 µM, 6 µM, 8 µM, 

and 10 µM of this compound. At these concentrations, the structural integrity of 

spheroids was disrupted, with loss of the smooth edges at 3 µM (Figure 3.23 G), and 

disintegration of cells at concentrations >6 µM (Figure 3.23 H-J). Medium 

replenishment enhanced the elucidation of the alteration of the structural integrity of 

spheroids by doxorubicin. Prior to changing medium, the spheroids treated with higher 

concentrations (6, 8 and 10 µM) appeared larger than the negative control (Figure 3.23 

C-E), and this could potentially be erroneously interpreted as an increase in spheroid 

volume at these concentrations. However, after medium replacement, a substantial 

number of cells were washed off, revealing the true disrupted morphology and 

decreased size of these spheroids (Figure 3.23 H-J). The importance of replacing 
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medium prior to analysing images of treated spheroids was previously emphasised, 

where the existence of a halo of dead and apoptotic cells at high drug concentrations 

was shown to impede image analysis, and washing these cells improved the speed 

and accuracy of analysis of spheroid size.129 The substantial deterioration of the 3D 

architecture of breast cancer multicellular spheroids treated with 10 µM doxorubicin 

has also recently been reported.253 Spheroid disintegration at high concentrations is 

most likely due to loss of cell-cell adhesion, as doxorubicin has recently been shown 

to alter cell membrane properties,254 and E-cadherin expression levels.255 

 

Figure 3.23: Representative phase contrast microscopy micrographs of spheroids treated with various 

concentrations of doxorubicin for 72 h, before (A-E) and after (F-J) replenishment of cell culture medium. 

Images captured using a 5X objective lens. Scale bar = 500 µm. 

Though in some instances the spheroid disintegrated completely at concentrations 

above 6 µM, the projected area of those that did not completely dismantle was used 

to estimate the resultant spheroid volume. There was a significant (P ≤ 0.0001) 

decrease in the average spheroid volume in comparison to the negative control when 

treated with 3 µM, 6 µM, 8 µM, and 10 µM doxorubicin (Figure 3.24). Similarly, the 

APH activity in comparison to the negative control was significantly reduced after 

treatment with 6 µM (P ≤ 0.01), 8 µM (P ≤ 0.0001) and 10 µM (P ≤ 0.0001) doxorubicin 

(Figure 3.24).  
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Figure 3.24: Effect of high concentrations of doxorubicin (72 h) on the volume of spheroids, N = 4 

biological repeats (A) and APH activity, N = 3 biological repeats (B) of spheroids in comparison to the 

negative control. ** = P ≤ 0.01, **** = P ≤ 0.0001. One-way ANOVA, with Dunn’s multiple comparison 

post-test, NC = negative control. 

There are many limitations that render quantitative toxicology more complicated in 

spheroids compared to monolayers. Such limitations include 1) difficulty in accurately 

quantifying cell number; 2) extracting small portions of spheroids for analysis, due to 

their minute size and 3) cells have slower growth rates when cultured in 3D format. To 

overcome these challenges, Fey and Wrzesinski256 normalised the drug dose (mg) to 

spheroid protein content (mg), allowing for the expression of the dose used in 3D 

cultures as mg drug/mg spheroid protein content. Such an approach can more easily 

be related to in vivo dosing, which is typically expressed as mass of drug (mg) per 

body weight of the animal in kilograms (Kg).256 

In the current study, the 3D cultures had an average of 7.0 µg of cellular protein per 

spheroid on the day of treatment (Day 4). Normalisation of the IC50 with this protein 

content results in the extrapolation of a dose of 0.01 mg of doxorubicin/mg of cellular 

protein. In a 2011 study, an intravenous dose of 1.5 mg/Kg of doxorubicin resulted in 

significant reduction in tumour volume of a TNBC xenograft mouse model.257 This 

dose of doxorubicin is commonly used in mouse studies and is equivalent to 1.5x10-6 

mg doxorubicin/mg of the animal model, a very small amount compared to the IC50 

dose obtained in the current study. 
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Though weight alone is commonly used in dose-translation studies, consideration of 

the surface area should be incorporated in such studies to allow for more appropriate 

dose extrapolation.258 In devising the method for expressing the dose as a function of 

protein content, Fey and Wrzesinski256 used planimetric analysis to demonstrate a 

correlation of spheroid area with protein content, a procedure which was not 

conducted in the current study. The correlation between the projected area and protein 

content of BT-20 spheroids, therefore, needs to be investigated further. Although it is 

currently not possible to relate the effective dose in monolayers or spheroids to the 

response observed in vivo, it is apparent that the BT-20 spheroids confer some level 

of resistance/reduced chemotherapeutic sensitivity compared to monolayer cultures. 

The reduced sensitivity of the multicellular spheroids to doxorubicin, compared to the 

monolayer counterparts can be ascribed to several factors. The dense structural 

architecture of BT-20 spheroids could have hampered penetration of doxorubicin to all 

spheroid regions. When analysing spheroids of six breast cancer cell lines it became 

apparent that cell lines that formed loose spheroids displayed similar sensitivity to 

doxorubicin as the monolayer counterpart, while dense spheroids were more 

resistant.214 Moreover, the addition of hyaluronidase to promote penetration has been 

shown to enhance the cytotoxic efficacy of doxorubicin in multicellular spheroids.259 In 

addition to posing a barrier to sufficient drug penetration, the tight interactions of the 

cells within the spheroids, could preclude adequate perfusion of O2, and subsequently 

induce hypoxia within spheroids.240 

It is generally accepted that the development of hypoxia within solid tumours 

decreases the chemosensitivity of neoplastic cells and that experimental hypoxia 

induces resistance of various cell lines to anticancer drugs.239 Therefore, the 

development of hypoxia in the BT-20 spheroids could have played a role in the 

attenuation of the cytotoxic efficacy of doxorubicin. As detailed in Section 3.2.6, cells 

in multicellular spheroids adapt to hypoxia by expressing phenotypic features that 

could promote survival and drug resistance.240 The activation of DDR pathways in 

response to hypoxia implies that the DNA-damaging mechanistic action of doxorubicin 

could be circumvented.  
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The HIF-1α transcription factor is a vital component that mediates cellular adaptations 

to hypoxia. In addition to the previously stated adaptations, the activation of HIF-1α in 

tumour cells leads to increased expression of P-glycoprotein (P-gp), a transmembrane 

transporter that is responsible for the energy-dependent efflux of anticancer drugs out 

of cells.260 It has been demonstrated that the activation of HIF-1α leads to increased 

expression of P-gp and increased resistance of breast cancer multicellular spheroids 

to doxorubicin.260 Potentially rapid drug efflux could be responsible for the decreased 

sensitivity of BT-20 spheroids compared to monolayers. 

Siddarth et al.261 demonstrated that BT-20 spheroids express higher levels of DR5 and 

are more resistant to TRAIL-mediated apoptosis, compared to monolayers. 

Considering that doxorubicin partially exerts its cytotoxic effects through stabilizing the 

DR5-TRAIL apoptotic complex,251 the decreased expression of DR5 could lead to 

circumvention of doxorubicin-induced apoptosis, and consequential reduction of the 

chemotherapeutic sensitivity of BT-20 spheroids. 

The observed spatial heterogeneity of cells in the BT-20 multicellular spheroids could 

also have played a role in the reduced efficacy of doxorubicin. Doxorubicin and many 

other anticancer drugs target actively proliferating cells.155 The outer faster 

proliferating rim of cells was potentially chemosensitive to doxorubicin, as evidenced 

by the decrease in spheroid size at the IC75, while slower-cycling cells near the 

spheroid core were more resistant. Consistent with this, doxorubicin has been found 

ineffective in targeting solitary dormant cells injected into a murine mouse model.156 

Additionally, the enhanced cell-ECM interactions in the spheroids have recently been 

shown to play a pivotal role in the resistance of spheroids to doxorubicin compared to 

monolayers.253 

Though mechanistic evaluation was not conducted, it is apparent that the reduction of 

sensitivity of the BT-20 spheroids to doxorubicin can be mediated through 

multifactorial mechanisms. Similarly, although TNBC is more sensitive to 

anthracycline-based chemotherapeutic approaches like doxorubicin compared to 

endocrine positive breast cancers, only a few patients fully benefit from chemotherapy, 

as 70% of TNBC patients have residual disease after chemotherapy, which is partially 

ascribed to chemoresistance.262 Exploring the mechanisms of chemotherapeutic 
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resistance in TNBC could play a significant role in the improvement of the clinical 

outcome of TNBC.  

3.3.2.1 Spheroid clearing and imaging of doxorubicin-treated spheroids 

Imaging 2D-cultured monolayers is straightforward, however, more advanced imaging 

techniques are required when attempting to investigate protein expression and 

localization within interior cells of spheroids.127 Serial sectioning and subsequent 

histological staining can be used to visualize the internal structure of spheroids as 

shown in the current study. However, these are time-consuming and can disrupt the 

3D structure to introduce structural artefacts. Confocal microscopy can be used as an 

alternative although the depth of imaging is limited due to light scattering.181 To 

overcome this shortcoming, optical clearing methods that remove scattering 

substances and provide refractive index matching have recently been described,185 

allowing for improved confocal imaging of multicellular spheroids.  

To analyse the proliferative capacity of cells within the spheroids before and after 

treatment with doxorubicin, treated BT-20 spheroids were stained for the proliferation 

marker, Ki-67, made transparent, and imaged. To identify single cells within the 

spheroid, cadherins were stained using a pan cadherin pAb while nuclei were stained 

using DAPI. 

Untreated spheroids displayed very low and diffuse staining for Ki-67, whereas 

cadherin staining indicated the cell boundary of each cell within the spheroid. 

Compared to the negative control, a decrease in the expression of cadherins was 

observed in doxorubicin-treated spheroids (Figure 3.25). At the highest 

concentrations, the spheroid had diminished in size and most of the cadherin staining 

appeared intracellular rather than on the cell border. All staining appeared somewhat 

diminished in the centre of spheroids, most likely due to lack of penetrance of laser 

light to this depth. The cadherin staining implies that cells were under duress at higher 

doxorubicin concentrations and lost their cell-cell adhesive capability, which 

corresponds with the disintegration of the 3D structure observed using phase contrast 

microscopy. 
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Figure 3.25: Representative confocal microscopy images of spheroids treated with various 

concentrations of doxorubicin for 72 h and stained with the ani-cadherin pAB (A-E), DAPI (F-J) and 

composite thereof (J-M). Images captured using a 20X air objective. 

Interestingly, Ki-67 staining was not pronounced within the spheroid, suggesting that 

the proliferative capacity of cells within BT-20 spheroids differs from that in 2D 

monolayer cultures, as supported by the spheroid protein content data. However, 

further quantitative evaluation needs to be performed to conclusively demonstrate this. 

A few brightly stained cells were visible in the spheroid indicating the presence of 

mitotic cells (Figure 3.26 A-E). The number of these bright spots increased slightly as 

the concentration of doxorubicin increased, up to the IC75. At 10 µM spheroid size 

diminished while a large number of intensely bright cells were seen throughout the 

spheroid (Figure 3.26 E). This seemed to be a paradoxical effect, as Ki-67 stains 

proliferating cells. The Ki-67 protein is transiently expressed during cell growth, and 

the levels of the protein are highest during the G2/M phase of the cell cycle.204 

Doxorubicin exerts its cytotoxic effect by inducing a cell cycle arrest at the G2/M 

phase.249 It is, therefore, likely that the observed staining of Ki-67 in spheroids treated 

with 10 µM doxorubicin does not represent a proliferative effect but indicates a cell 

cycle arrest before the cells became apoptotic. 
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Figure 3.26 Representative confocal microscopy images of spheroids treated with various 

concentrations of doxorubicin for 72 h and stained with the Alexa Fluor® 488-conjugated anti-Ki 67 

mAB(A-E), DAPI (F-J) and a composite thereof (J-M). Image captured using a 20X air objective lens. 

Scale bar = 50 µm. 

Though the results presented here are still preliminary, the ClearT2 clearing protocol 

allowed for in-depth imaging of cells within the multicellular spheroids, without the 

need to conduct laborious, and potentially structurally disruptive techniques. Similar to 

previously reports,184 antigens were preserved after clearing and, therefore, the 

clearing protocol is an ideal platform for the imaging of multicellular spheroids as it 

maintains the original morphology of the sample. Use of the technique in future could 

aid in the further characterisation of the spatial phenotypic features, and elucidation of 

the aspects that contribute to the increased chemoresistance of the BT-20 triple-

negative breast cancer spheroid model. 
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Chapter 4: Conclusions and recommendations 

4.1 Conclusions 

Patients with TNBC have poor clinical outcomes compared to those with other breast 

cancer subtypes, and this is attributed to the inherent aggressiveness and lack of 

optimally-characterized molecular aberrations associated with this cancer type. The 

aggressiveness, survival, and chemoresistance of cancer cells can largely be 

attributed to various molecular cues within the tumuoral niche, and characterisation of 

such cues could aid in the identification of new compounds for the effective treatment 

of cancers demonstrating poor prognostic outcomes such as TNBC. Multicellular 

spheroids can be used as a physiologically relevant platform for the characterisation 

of biological traits of the tumour microenvironment, as the model circumvents some of 

the limitations associated with the traditional monolayer cell culture and animal 

models. The aim of the current study was, therefore, to grow then characterize the 

spatial morphometric features, and to determine the chemosensitivity of a TNBC 

spheroid model using the BT-20 cell line. 

The hanging drop and liquid overlay techniques were compared to select a platform 

for the reproducible generation of spheroids. Only loose, irregularly-shaped 

aggregates formed with the hanging drop technique, while reproducibly circular and 

dense spheroids formed with the liquid overlay method. The liquid overlay technique 

was therefore chosen for the further characterisation of the spheroid model. 

The accuracy of automated spheroid size analysis software programs in comparison 

to manual measurements was done to validate methods for high-throughput automatic 

measurement of spheroid diameter and volume. There was no significant difference 

in the spheroid volume measured using either the SpheroidSizer or an ImageJ macro 

compared to manual measurements, thus reinforcing the validity of both programs in 

the measurement of spheroid volume. The spheroids significantly decreased in size 

over the growth period, suggesting continuing compaction. The protein content 

increased, and this confirmed that the decrease in spheroid size was mainly due to 

compaction rather than cell death. However, the fold-change in protein content was 

lower than what would be expected if the cells maintained the growth rates 

demonstrated by monolayer cultures, suggesting the reduction of proliferative 

potential when the cells are propagated as multicellular spheroids. 
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Investigation of the viability of intact spheroids suggested that the outer spheroid 

regions consisted of metabolically active cells, while membrane-compromised cells 

were confined to the inner regions. This observation corroborated with histological 

analysis of paraffin-embedded spheroid sections, which revealed an outer spheroid 

rim consisting of large cells, and a central core with seemingly necrotic cells. The 

spatial heterogeneity of the morphology of spheroids can be a consequence of the 

alteration of varying physiological parameters within spheroids, with hypoxia a chief-

mediator of such differentiation. Staining for hypoxia using a fluorescent probe 

indicated the inherent induction of hypoxic regions within multicellular spheroids, while 

hypoxia was not detected in monolayer cultures. 

Cancer cells can adapt to hypoxic conditions to promote the emergence of a 

population with a more aggressive and potentially chemoresistant phenotype. The in 

vitro efficacy of doxorubicin, a clinically approved cytotoxic compound was compared 

using monolayer and spheroid cultures. The monolayers were sensitive to doxorubicin 

at widely reported concentration ranges. Within these concentrations, doxorubicin 

significantly reduced the cell density, viability, and acid phosphatase activity, while the 

volume and acid phosphatase activity were not significantly affected in spheroids. The 

volume, structural integrity and enzymatic activity of spheroids were only altered at 

high concentrations of doxorubicin, indicating increased chemoresistance of the 

spheroid model compared to the monolayer counterpart. 

Many mechanisms can contribute to the resistance of multicellular spheroids to 

cytotoxic compounds, however, methods to investigate the alteration of physiological 

parameters within the 3D structures are currently limited. Many analytical methods that 

were originally designed to meet the requirements for monolayer culture evaluation 

fail to reveal the original biology of multicellular spheroids. As proof of concept, optical 

clearing was, therefore, used to make doxorubicin-treated spheroids transparent, prior 

to confocal microscopic imaging of cadherins and the Ki-67 antigens. 

Optical clearing of treated and untreated spheroids allowed for the visualization of the 

internal spatial distribution of the cadherin and Ki-67 proteins. High concentrations of 

doxorubicin (compared to the monolayer IC50) led to a reduction in cadherin staining, 

indicating that doxorubicin resulted in alteration of intercellular adhesive properties at 

these high doxorubicin concentrations. The Ki-67 staining was not profound, 
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suggesting a reduction of cell cycle progression when BT-20 cells are propagated as 

spheroids. At high concentrations of doxorubicin, many mitotic cells were identified, 

suggesting that the drug induced a G2/M phase cell cycle arrest in the spheroids. 

In summary, the BT-20 spheroid model presented here exhibits reduced 

chemosensitivity to doxorubicin compared to the monolayer counterpart. This 

attenuated response to a commonly used chemotherapeutic compound could be 

linked to the spatial heterogeneity of cytoarchitecture and biochemical features such 

as hypoxia and viability within the BT-20 spheroids. The in vivo tumour micromilieu is 

heterogeneous with respect to cellular morphology, and O2 and nutrient gradients, and 

spheroids are generally considered as a robust platform for the in vitro recapitulation 

such microenvironmental cues. Compared to monolayers, BT-20 spheroids could, 

therefore, potentially be adopted as a more relevant model for screening new drugs 

against TNBC. However, further investigation of the dynamics of spheroid formation, 

mechanisms underlying chemoresistance, and the therapeutic sensitivity to a wider 

panel of antineoplastic drugs is required to further characterise the model. 
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4.2 Limitations and recommendations 

In the current study, only the epithelial BT-20 cell line was used to generate spheroids. 

However, various cell types such as fibroblasts and immune cells exist within the 

tumuoral niche. Co-culturing cancer cells with different cell types in future can aid in 

enhancing the in vitro recapitulation of the TME and could reveal the dynamics of 

intricate interactions of different cellular types within tumour spheroids.263 Additionally, 

despite the focus of the study on the TNBC subtype, the behaviour of spheroids grown 

from other subtypes could be quite distinct. It would be of great interest, therefore, to 

grow spheroids of other hormone dependant breast cancer cell lines in parallel with 

BT-20 cells, in order to elucidate the biochemical and chemosensitivity attributes that 

are unique to the TNBC subtype. 

Stationary platforms for the generation of multicellular spheroids such as the liquid 

overlay method are associated with some limitations. These limitations are primarily 

due to a more diffusion-limited environment relative to dynamic platforms such as 

bioreactors.187 This diffusion limitation affects the nutrient supply, pathological 

attributes, and drug distribution in spheroids. Dynamic rotary cell culture systems 

circumvent these limitations, and they allow for adequate perfusion and long-term 

culturing. An additional advantage of the dynamic spheroid generation methods such 

as clinostat bioreactors is that they allow for the reproducible generation of uniform 

spheroids, which are equally exposed to very low shear forces.264 Future work will, 

therefore, focus on adopting such dynamic cell culture systems in the further 

characterisation of BT-20 spheroids. 

The cell density used in the study is higher than what is typically used in the 

hanging-drop technique, which introduces bias when comparing the assay to the liquid 

overlay method. Replenishment of medium within the hanging drop technique within 

the first four days after initial seeding could have accounted for this disparity. 

Additionally, it would have been more appropriate to investigate different titrations of 

cell numbers in order to actually see the power and capability of each assay to form 

spheroids. The titration of seeding densities can also allow for the investigation of the 

minimal diameter at which the development of attributes such as hypoxia and 

centralised necrosis are initiated.  
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Alteration of proliferative rates in spheroids, compared to monolayers was speculated, 

however, not conclusively demonstrated. Measurement of protein content on the day 

of seeding can allow for the investigation of the kinetics of cell division occurring prior 

to compaction and reduction of the doubling time. Additionally, imaging the spheroids 

at earlier time-points (i.e., within the first three days from initial seeding), would allow 

for the investigation of the dynamics of spheroid formation. 

In comparing the cytotoxicity of doxorubicin in monolayers to spheroids, it would be 

ideal to expose the drug to an equal number of cells, to ensure that any differential 

drug response is ascribed to the culture format rather than unequal cell numbers. 

Monolayers were only allowed to attach for 24 h, while spheroids were grown for four 

days before drug exposure. The inherent difficulty in quantifying cell numbers in 

spheroids makes it difficult to determine whether there was a notable difference in 

drug exposure per cell in spheroids compared to monolayers, as cell numbers in 

spheroids could have increased by Day 4. In future, it might be beneficial to measure 

the “Day 0” protein content of cells before propagation as spheroids (essentially 

monolayers at that point), as this will allow for elucidation of the extent of change in 

the amount of cells by the time of drug exposure by Day 4, and ensuring that both 

models are exposed to relatively the same amount of drug per cell. 

Though the chemosensitivity of the BT-20 spheroids was investigated in this study, 

only one drug was used, which is not sufficient to provide a basis for predicting the 

therapeutic response to new chemical entities. In order for the model to be confidently 

used in predicting such responses, validation studies that entail investigating the 

sensitivity of various clinically-established drugs with different mechanisms of action 

would need to be conducted. Not only will this render a platform for investigating the 

efficacy of novel compounds with various postulated mechanisms of action, but 

comparison with the clinical response could also be done. 

The optical clearing and confocal images presented here are still preliminary and not 

conclusive, however, further optimisation of the protocol is currently underway at the 

University of Pretoria’s Centre for Neuroendocrinology. Once fully optimised, this will 

potentially allow for the investigation of the spatial differences in additional 

components of the cells such as the ECM and cytoskeleton across the spheroid. 

Investigation of the alteration of other markers such as caspase-3 using confocal 
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microscopy could also allow for the investigation of other mechanisms underlying the 

chemoresistance of the spheroids. 

Finally, confocal microscopy and other imaging modalities used in the current study 

rely on the detection of labelled moieties, which hampers the discovery of any 

molecular alterations in an unbiased fashion. Though associated with many sample 

preparation challenges, MALDI and laser ablation inductively coupled plasma MSI265 

methods could be adopted in the future, to spatially resolve any molecular alterations 

that could be implicated in the observed attributes of the BT-20 spheroids.  
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Appendix II: Reagent preparation  

Acetic acid 

A 1% (v/v) solution of acetic acid was prepared by diluting 1 mL of glacial acetic acid 

(Merck Chemicals, South Africa) with distilled water to a final volume of 100 mL. The 

solution was stored at room temperature. 

Anti-Ki-67 antibody 

The anti-Ki67 antibody [KI67] (Alexa Fluor® 488) ab206633 (Abcam, Cambridge, UK) 

was stored in 10 µL aliquots and stored at 4°C in the dark until use. The antibody was 

then diluted to a working dilution of 1 µg/mL in B-PBT. 

Anti-pan cadherin antibody 

The anti-pan Cadherin antibody (ab6529) was purchased from Abcam (Cambridge, 

UK), and stored as 10 µL aliquots at -80°C until use. The antibody was diluted in B-PBT 

in a ratio of 1:1000. 

APH assay buffer 

The APH assay buffer was prepared by dissolving para-nitrophenylphosphate (100 

mg), and Triton X-100 (50 µL) in citrate buffer to make a total volume of 50 mL. The 

prepared buffer was adjusted to a pH of 4.8 and stored at 4°C.  

Agarose 

Agarose powder (2 g) was purchased from Sigma Aldrich (St Louis, USA) and 

dissolved in 200 mL of DMEM: F12 (1:1), and heated in a microwave, until all agarose 

went into solution. After the heated solution solidified, it was autoclaved for 30 min at 

120°C, 2 bar. The autoclaved agarose was transferred to sterile 100 mL bottles and 

stored at 4°C. 

BCA assay reagent A 

The BCA disodium hydrate salt (1 g) and 0.95 g of sodium bicarbonate were 

purchased from Sigma Aldrich (St Louis, USA), and dissolved with sodium carbonate 

(2 g), sodium hydroxide (0.4 g) and 0.16 g of sodium tartrate (all salts from Merck & 

Co. New Jersey, USA) to a final volume 100 mL in distilled water. The pH of this 

solution was adjusted to 11.25 and stored at 4°C. 
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BCA assay reagent B 

Reagent B of the BCA assay was prepared by dissolving 0.4 g of copper II sulphate 

pentahydrate (Sigma Aldrich, St Louis, USA) to a final volume of 10 mL in distilled 

water, the solution was covered with foil for protection from light and stored at 4°C. 

B-PBT 

The B-PBT buffer was prepared by dissolving 1 mL Triton X-100, 10 mL normal goat 

serum, and 4 g BSA (all from Sigma Aldrich, St Louis, USA) in PBS, to make a final 

volume of 100 mL, which was stored at 4°C. 

Citrate buffer 

The sodium citrate dehydrate salt (Sigma Aldrich, St Louis, USA), and the citrate buffer 

was prepared by dissolving 7.35 g of the salt into 250 mL distilled water (18 Ω). The 

prepared solution was stored at room temperature. 

DAPI 

A 10 mg/mL stock solution of DAPI (Thermo Fischer Scientific, Massachusetts, United 

States) was prepared by adding 1 mL of distilled water to 100 mg of the powder and 

the solution was stored at 20°C. An intermediate solution (100 µg/mL) was prepared 

by dissolving 10 µL of the DAPI stock solution in 990 µL of PBS. The working solution 

was prepared by adding 10 µL of the intermediate solution to 990 µL of PBT and used 

immediately. 

Doxorubicin hydrochloride 

Doxorubicin hydrochloride (10 mg) was purchased from Sigma Aldrich (St Louis, USA) 

and diluted in 736 µL of DMSO, to make up a 25 mM stock solution, which was stored 

as 5 µL aliquots at -80°C. The stock solution was dissolved in culture medium to the 

desired concentration for respective experiments prior to use. 

Eosin 

The eosin stain was prepared by dissolving 2 g of yellow eosin powder in distilled 

water to a final volume of 200 mL and stored at room temperature. 

Formaldehyde 

To prepare 4% (w/v) formaldehyde, 40 g of the paraformaldehyde powder (Sigma 

Aldrich, St Louis, USA) was dissolved in PBS to a final volume of 1 L. The pH was 

adjusted 7.0 using sodium hydroxide. 
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Gelatin 

Gelatin powder (52.5 g) was obtained from Sigma Aldrich (St Louis, USA) and 

dissolved in high purity water (300 mL, 18Ω) through vigorous mixing, until all the 

powder went into solution. The solution was stored at 4°C. 

Gentian violet 

A 2% gentian violet solution was obtained from the local pharmacy and diluted to 0.5% 

by adding 250 µL of gentian violet to 750 µL of PBS. The solution was stored at room 

temperature. 

Fluorescein diacetate 

Fluorescein diacetate powder was diluted to a stock concentration of 5 mg/mL in 

acetone and protected from light by covering with aluminium foil. The prepared 

solution was stored at -20°C.  

Haematoxylin 

The haematoxylin stain was prepared by dissolving aluminium potassium sulphate (50 

g), citric acid (1 g), chloral hydrate (50 g), haematoxylin (1 g), sodium iodate (0.2 g) in 

distilled water, to make a final volume of 1L, and the solution was stored at room 

temperature. All powders were purchased from Sigma Aldrich (St Louis, USA). 

Image-iT® hypoxia probe 

The Image-iT™ red hypoxia reagent lyophilised powder (1 mg) was dissolved in 1.4 

mL of DMSO, to make a 1 mM stock solution, which was stored at -20°C. 

PBS 

The PBS buffer was made by dissolving 9.23 g of the FTA haemagglutinin powder (BD 

Bioscience, New Jersey, USA) in distilled water, to make a final volume of 1L. The 

buffer was then sterilised by autoclaving for 30 min at 120°C, and 2 bar. The buffer 

was then stored at 4°C. 

PBT 

The PBT solution was made by diluting 200 µL of Triton X-100 in PBS to make a final 

volume of 100 mL. This solution was stored at 4°C. 
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Propidium iodide 

Propidium iodide powder (Sigma Aldrich, St Louis, USA) was diluted to a stock 

concentration of 2 mg/mL in PBS, protected from light with foil, and stored at 4°C until 

use. The prepared solution was used within six months. 

RIPA buffer 

The radioimmunoprecipitation assay (RIPA) buffer was prepared by dissolving 

cOmplete® protease inhibitor cocktail (20 mg), sodium hydroxide (877 mg), sodium 

deoxycholate (500 mg), sodium dodecyl sulphate (100 mg), triton X-100 (1 mL), and 

tris-OH (606 mg) in a final volume of 100 mL distilled water. The buffer was stored in 

100 µL aliquots at -80°C.  

SRB dye 

The SRB dye was prepared by dissolving 57 mg of the SRB powder (Sigma Aldrich, 

St louis, USA) in 100 mL of 1% (v/v) acetic acid in distilled water and stored at 4°C. 

Trypan blue 

Trypan blue (100 mg) from Sigma Aldrich was dissolved in 10 mL PBS (stock solution). 

A 1 in 10 dilution of the stock solution was done to prepare a working dilution of trypan 

blue and stored in the dark at room temperature. 

Sodium hydroxide 

Sodium hydroxide pellets was obtained from Sigma Aldrich, and 200 mg was dissolved 

in 5 mL distilled water (18 Ω). The prepared 1 M solution was stored in room 

temperature. 

Saponin 

Saponin powder was obtained from Sigma Aldrich (St Louis, USA) and stored at room 

temperature. To make-up the 1% w/v positive control solution, 2 mg of the saponin 

powder was dissolved in 2 mL culture medium, vortexed to allow for optimum 

dissolution, and filter sterilised with a 0.2 µm filter. 

TCA 

A 50% (w/v) solution of TCA was prepared by dissolving 50 g of TCA crystals (Sigma 

Aldrich, St Louis, USA) in distilled water, to make a final solution of 100 mL, which was 

stored at 4°C. 
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Tris-buffer 

A 10 mM solution of the tris buffer was made by dissolving 121.1 mg of 

tris(hydroxymethyl) aminomethane (Tris) in 100 mL distilled water. The pH of the 

solution was adjusted to 10.5 using sodium hydroxide, and the buffer was stored at 

4°C. 

 

 


