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Abstract  
 

In cancer research, conventional two-dimensional (2D) cell cultures and animal studies 

are often used in studying the disease and efficacy of anticancer agents despite their 

failure to accurately replicate the complex in vivo tumour microenvironment. 2D cultures 

lack the extracellular matrix production critical for in vivo-like cell behaviour, thereby 

jeopardizing data accuracy when developing effective cancer therapies and 

understanding mechanisms underlying drug resistance and cancer relapse. There is, 

therefore, a pressing need for models that accurately recapitulate in vivo systems and 

enhance researchers’ accuracy in predicting disease mechanisms. This study aimed to 

establish a cisplatin-resistant three-dimensional (3D) spheroid model using the scaffold-

free technique of rotating wall bioreactors in the CelVivo ClinoStar™ system, to 

facilitate efficient recapitulation of in vivo-like conditions and higher throughput.  

The MDA-MB-231 cell line is classified as triple negative breast cancer (TNBC) due to 

the absence of the oestrogen receptor and progesterone receptor, as well as the human 

epidermal growth factor receptor 2. As a result, the MDA-MB-231 cell line is 

characterized as a highly metastatic and aggressive cell line with a poor prognosis. 

Cisplatin-resistant MDA-MB-231 cells were generated by exposing the cell line to IC10-

IC50 (0.01µM, 0.1µM, 1µM, 5µM and 10µM) concentrations of cisplatin for nine months. 

The cells acquired resistance; these resistant cells were then used to develop a 3D 

spheroid model. Characterization of the cisplatin-resistant MDA-MB-231 spheroids over 

28 days included assessing spheroid growth and viability, and identifying the optimal 

experimental window between days 12 and 22. The model's reactivity to cisplatin and 

doxorubicin treatment was evaluated for 96 hour (h) to qualify the model for treatment 

screening. Treatment with the clinical cisplatin dose (4,435 x 10-6 µg cisplatin/µg protein) 

showed pronounced reactivity after 48 h, with decreased cell viability and increased cell 

death. However, spheroids recovered after 72-96 h, displaying moderate to high 

metabolic activity, typical of resistance. The IC50 (8.06 x 10-2 µg cisplatin/µg protein) 

dose of cisplatin demonstrated immediate effects on the model after 48 h, however, 

increase in spheroid size and decrease in cell death was observed with increased 

metabolic activity after apparent recovery at 72-96 h suggesting resistance. Treatment 
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with doxorubicin clinical dose (1.064 x 10-5µg dox/µg protein) had the most pronounced 

effect on the model throughout the 96 h and resulted in decreased spheroid size. It was 

apparent that the model was not as resistant to the doxorubicin treatment as it was to the 

cisplatin treatment. This model has potential for preclinical research studies as it displays 

reactivity to commonly used chemotherapeutic drugs and could be valuable in 

understanding drug-resistant cancer. In conclusion, the established cisplatin-resistant 

MDA-MB-231 3D spheroid model offers a robust platform for studying drug effects in 

TNBC research. 

Keywords: CelVivo ClinoStar™, cisplatin resistance, spheroid model, three-
dimensional cell culture, triple negative breast cancer, two-dimensional cell culture.  
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CHAPTER 1- INTRODUCTION 

Cancer is a complex disease denoted by alterations in the cell physiology that result in 

malignant tumours. The primary cause of illness and mortality in most cancer patients is 

tumour cell invasion of neighbouring tissues and organs (Seyfried and Huysentruyt, 

2013). Breast cancer is the most common type of cancer malignancy in women and the 

leading cause of mortality in this group (Nardin et al., 2020). According to Global Cancer 

Statistics (GLOBOCAN, 2020), breast cancer has been diagnosed as the most malignant 

beyond lung cancer, with 2.3 million cases yearly (11.7%), followed by lung cancer at 

11.4%, colorectal cancer at 10.0%, prostate cancer at 7.3%, and lastly, stomach cancer 

5.6% (Sung et al., 2021). 

Triple-negative breast cancer (TNBC) is one of the most aggressive and highly metastatic 

types of breast cancer, resistant to hormonal and human epidermal growth factor receptor 

2 (HER2)-targeted antibody therapy (Kassam et al., 2009). This disease is reported to be 

more frequent in older women as well as women of the African and Hispanic 

backgrounds (Derakhshan and Reis-Filho, 2022). TNBC is characterized by a short 

overall survival duration, owing primarily to the lack of specialized therapeutic methods. 

However, in advanced TNBC, chemotherapy is preferred because it is the most effective 

treatment option to treat and manage symptoms, as surgery is considered costly and 

highly invasive (DeSantis et al., 2019). Some of the chemotherapeutic drugs employed 

to eradicate breast cancer include anthracyclines such as doxorubicin and epirubicin, as 

well as platinum-based drugs such as cisplatin and carboplatin (Kassam et al., 2009, 

Boichuk et al., 2017). As a first-generation platinum-based drug, cisplatin has been used 

widely to treat patients with various cancers (Brown et al., 2019). Although cisplatin is 

not considered the golden standard treatment for TNBC, there is a growing interest in 

utilising it in cancer facilities due to its remarkable anticancer properties (Petrelli et al., 

2016). Ongoing clinical trials are investigating the efficacy of cisplatin as a potential 
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treatment for TNBC, examining its effectiveness both as a monotherapy and in 

combination with other therapeutic regimens (Hill et al., 2019b) 

Nonetheless, in clinical observation, breast cancer patients still experience poor drug 

responses and tumour recurrences even after undergoing chemotherapy treatment 

(Harbeck and Gnant, 2017). Approximately 90% of failed chemotherapy is reported to 

be during the invasion and metastatic stages of cancers, usually related to acquired drug 

resistance, as a result of long-term use of chemotherapy (Wang et al., 2019). The two 

most common mechanisms in which cancer cells become resistant are intrinsic drug 

resistance, meaning they are drug-resistant before treatment, and acquired resistance, 

meaning cells develop resistance following exposure (Abad et al., 2020). 

Chemoresistance has necessitated more research to study drug efficacy and response in 

tumour cells (Eiro et al., 2019). Therefore, accurate models that closely resemble the 

tumour environment are needed to ensure quality of preclinical research results.  

To date, two-dimensional (2D) in vitro cell culture models have been the most widely 

used method for studying cellular processes relating to cancer initiation and development 

and testing potential anticancer agents (Sant and Johnston, 2017). The 2D model 

however, does not accurately mimic the in vivo tumour microenvironment (TME) 

(Hoarau-Véchot et al., 2018). In vivo xenograft models, on the other hand, have a stromal 

component that is not derived from humans; thus, their growth rate is faster than that of 

primary human tumours, with a doubling time of months, and generally respond better 

to anticancer drugs (Cassidy et al., 2016). Oncology clinical trials using experimental 

models have now confirmed the importance of demonstrating the architecture of in vivo 

tumours with regards to the epithelial-stromal interface, vasculature, necrotic zones and 

invasive fronts, the exact pathophysiology of a tumour, and its cell-extracellular matrix 

(ECM) component (Drost and Clevers, 2018, Wong et al., 2019). 

In vitro cell culture models in three dimensions (3D) have shown promising distinct 

advantages compared to 2D cell cultures by better replicating human physiology and 

phenotypic characteristics. Many 3D in vitro methods, such as spheroids and organoids, 

3D bioprinting, and organs-on-chips, can validate drugs (van Rijt et al., 2023). However, 
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many of these models require additional validation before being extensively utilized in 

preclinical testing (Andersen et al., 2015).   

Spheroids are self-aggregated cells that develop to closely replicate drug diffusion and 

drug efficacy better, as seen in human cells, compared to 2D cell cultures (Gong et al., 

2015). These structures can be utilized in various cell types with different functions 

(Tuveson and Clevers, 2019).   

The limitations reviewed in 2D cell culture and animal studies, such as the lack of cell-

cell and ECM-cell signalling pathways and drug diffusion, have encouraged researchers 

to progressively switch from 2D to 3D cell studies, which are more representative of in 

vivo physiological architecture and tumour microenvironment (Huh et al., 2010). 

Therefore, it is clear that a transition from conventional cell culture models to new 3D 

screening models is necessary to study the effects and reactivity of cancer cells to 

cisplatin and doxorubicin in a more resembling preclinical setting. This study aimed to 

develop a cisplatin-resistant MDA-MB-231 spheroid model using the CelVivo™ 

ClinoStar™ system as a 3D model for cancer research in vitro. The establishment of this 

model was be further characterized according to the spheroid growth, metabolic activity, 

cell death, and evaluated for potential use in merging the gap between traditional in vitro 

culture models currently employed and more in vivo resembling 3D cell culture models. 
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1.2 RESEARCH CONTEXT AND SIGNIFICANCE 
 

1.2.1 Problem statement 

Developing targeted therapies for TNBC has been a major challenge due to its 

heterogeneity and poor prognosis. Hence, it is crucial to investigate models to improve 

the overall understanding of this cancer subtype. 2D in vitro cultures, in which cells are 

grown in a monolayer, have been used for many years to assess the biological activity of 

molecules such as therapeutics for various diseases. However, these monolayers often 

require cell seeding on flat surfaces like culture flasks, which cannot replicate the actual 

intricacy and architectural framework structure observed in the human body. The 

structure imparted by the parts of TME and its 3D organisation may contribute to the 

aggressive tumour behaviour, characterized by low survival rates and increased tumour 

recurrence in cancer patients (Quail et al., 2016).   

3D models, as opposed to conventional 2D models, have been shown to represent the 

TME more accurately, and provide physiologically relevant microenvironments 

promising for assessing drug disposition that influence drug safety and efficacy early in 

the drug development process. Hence, this study investigated whether a drug-resistant 

MDA-MB-231 cell line can be cultured into a 3D spheroid model using a ClinoStar™ 

system and further characterize its response to treatment with cisplatin and doxorubicin 

chemotherapeutic drugs as a resistant spheroid. 

 

1.2.2 Study rationale 

Researchers around the world have explored several 3D cell culture models. The 

scaffold-free technique is the most preferred as it allows cells to aggregate into spheroids 

without reinforcement and minimizes the time to reproduce spheroid models. This study 

employed the ClinoStar™-based rotating bioreactor approach to grow a 3D spheroid 

model. Bioreactors use a slow vessel rotation to simulate microgravity, which keeps cells 

suspended while allowing them to aggregate into spheroids (Trujillo-de Santiago et al., 

2019). A bioreactor enables the development of spheroids within a regulated 
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environment, with operating conditions that allow for temperature adjustments, pH, shear 

stress, nutritional availability, and removal of toxins. This device constantly mixes the 

oxygen and nutrients within the medium to reduce the concentrated layer that is seen on 

the surface level of monolayers (Smit et al., 2020). One of the key advantages of rotating 

reactors is that efficient gas and nutrient exchange occurs inside the bioreactors  

(Wrzesinski and J Fey, 2015). In addition, a variety of benefits of this method include its 

simplicity, large-scale production of 3D cultures, and long-term culture of 3D spheroids 

(Barrila et al., 2010).  

 

1.2.3 Research Question 

What are the biochemical characteristics such as protein expression, cellular metabolism, 

signalling pathways of a cisplatin-resistant triple-negative breast cancer (MDA-MB-231) 

spheroid model, and how do they respond to chemotherapeutic drugs (doxorubicin and 

cisplatin) following exposure? 

 

1.2.4 Aim  

This study aimed to develop and characterize a novel 3D cisplatin-resistant MDA-MB-

231 TNBC cell model using the CelVivo™ ClinoStar™ bioreactor system and to assess 

the spheroid model’s reactivity to treatment with cisplatin and doxorubicin. 

 

1.2.5 Objectives 

• To culture MDA-MB-231 cells in a 2D monolayer and induce cisplatin resistance.  

• Develop a 3D cisplatin resistant MDA-MB-231 spheroid model from the 2D cell 

culture, using a ClinoStar™ rotating bioreactor system. 

• Characterize the viability and growth of the 3D-resistant MDA-MB-231 spheroid 

model in terms of planimetry, soluble protein content, glucose consumption, 
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extracellular adenylate kinase (AK) levels, and intracellular adenosine triphosphate 

(ATP) content. 

• Qualify the model for treatment screening by assessing reactivity to anticancer drug 

treatment (cisplatin) and cross-reactivity with the anticancer drug doxorubicin. 
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CHAPTER 2 - LITERATURE REVIEW  
 

The 2D cell culture model precedes the animal studies stage before advancing to the 

human clinical trials (Breslin and O'Driscoll, 2013). Hence, 3D in vitro cancer models 

are emerging as an innovative method to address the disparity between 2D in vitro cell 

cultures and animal models as they accurately mimic in vivo tumours (Tosca et al., 2023). 

Different 3D in vitro models are being developed, including spheroids and organoids that 

aim to closely mimic the human TME (Gunti et al., 2021). Therefore, this literature 

reviews the basic concept of breast cancer and the mechanisms by which these cancer 

cells acquire cisplatin resistance. Furthermore, this chapter elaborates on the promising 

opportunity of 3D in vitro cell culture methods in representing the human physiological 

environment.  

 

2.1 Background on cancer 
 

Cancer hallmarks are essential traits that cells develop as they become cancerous, a 

concept first outlined by Hanahan and Weinberg in 2011. Looking at cancer as an 

accumulation of certain hallmarks, research has aimed to understand the origin of 

cancer, identify targets for prevention, and develop strategies to counteract various 

hallmarks and treat cancer (Hanahan and Weinberg, 2011). Carcinogens are believed to 

act by altering normal cells, inducing the hallmarks, and transforming them into 

cancerous cells. This occurs through various mechanisms affecting the different levels 

of the physiological organization (Smith et al., 2020). Cancer hallmarks include: 

(i)            Self-sufficiency in growth signals; ability to sustain cell proliferation by 

activating pathways that support constant growth and division (Gutschner and 

Diederichs, 2012). 
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(ii)          Insensitivity to anti-growth signals: cancer cells retain the ability to evade 

programmed cell death (Elmore, 2007) and alter their metabolism in order to survive 

(Navarro et al., 2022). 

(iii)        Evading apoptosis: cancer cells become resistant to apoptosis mediated by death 

receptors (Sharma et al., 2019). Furthermore, cancer cells may modify their signalling 

pathways or downregulate death receptors to stop the apoptotic cascades initiated 

downstream of these receptors (Gómez-Virgilio et al., 2022). 

(iv)        Tissue invasion metastasis: an essential property of malignant tumours is their 

ability to invade and metastasize (Hanahan and Weinberg, 2011). The initial step in the 

spread of cancer involves detaching cancer cells from the original tumour and infiltrating 

neighbouring tissues (Talmadge and Fidler, 2010). 

(v)          Limitless replicative potential: a defining characteristic of cancer cells is their 

ability to support replicative immortality, enabling them to outlive typical cellular 

lifespan constraints like senescence seen in non-cancerous cells. This capacity, which 

involves multiple critical pathways, is necessary for the tumours’ continued growth and 

proliferation (Hanahan and Weinberg, 2011). 

(vi)        Sustained angiogenesis: an essential characteristic of cancer development, the 

ability of cancer cells to form new blood vessels (Kuczynski et al., 2019). This process 

ensures Tumours receive enough oxygen and nutrients and eliminates waste, encouraging 

survival and replication. 

 

2.2 Breast cancer prevalence 

Breast cancer is the most prevalent cancer and the primary cause of cancer-related deaths 

among women globally. Over 684,996 fatalities worldwide at an age-adjusted incidence 

of 13.6/100,000 were caused by breast cancer (Ferlay et al., 2021). Despite having the 

highest incidence rates in industrialized nations, Asia and Africa accounted for 63% of 

breast-cancer related deaths worldwide in 2020 (Ferlay et al., 2021). The majority of 

breast cancer patients live in high-income nations; however, in low and middle-income 
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nations, the prognosis is reported to be much worse (Ginsburg et al., 2017). The global 

5-year survival rate measured by the breast cancer mortality-to-incidence ratio (MIR) in 

2020 was estimated at 0.30 (Ferlay et al., 2021). Given the clinical severity of breast 

cancer, the 5-year survival rates for localized and regional cancer were higher, ranging 

at 75-90% in places with developed healthcare systems such as Hong Kong, Singapore, 

and Turkey.  

In South Africa, breast cancer incidence has been reported (Dlamini et al., 2024) to have 

increased steadily over 20 years (2000-2020) among all patients. These results are 

reflected in the South African National Cancer Registry as well as the International 

Association of cancer Registries. Though these registries do not reflect the same numbers 

due to the different strategies used to collect data, the number of new breast cancer cases 

has accumulated over the last 20 years. TNBC is one of the breast cancer types that have 

been diagnosed at high rates in South Africa, reflecting the prevalence of this subtype 

seen in the African American population of the USA (Newman and Kaljee, 2017). 

 

2.3 Breast cancer risk factors  
 

Breast cancer risk factors can be categorized as non-modifiable and modifiable risk 

factors, including gender (Nindrea et al., 2017). Females are generally at greater risk of 

being diagnosed with breast cancer and the reasons for this primarily relate to the 

composition of breast tissue and the hormonal influences that are usually prevalent in 

females. Throughout a woman's lifespan, the glandular tissue is prone to changes 

influenced by hormones, such as prolactin and oxytocin post-breastfeeding which impact 

the tissue and increase cancer development (Łukasiewicz et al., 2021). Genetics also pose 

a risk factor for being diagnosed with breast cancer, whereby the breast cancer gene 1 

and breast cancer gene 2 are likely to be involved in mutations that increase the chances 

of developing cancer cells (Shiovitz and Korde, 2015). Additionally, studies show that 

race and ethnicity play a role in the development of breast cancer and contribute to the 

differences in how often it occurs, the mortality, and chances of survival (Łukasiewicz 
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et al., 2021). In the US, white non-Hispanic women have historically had the highest 

rates of breast cancer (Hill et al., 2019a). However, it is noted that while black women 

experience lower rates of breast cancer, they are more susceptible to higher mortality 

rates from breast cancer (ACS, 2014). 

Research has identified modifiable risk factors for developing breast cancer, and some 

of these include obesity, which has been reported as one of the factors that increase the 

risk of postmenopausal breast cancer significantly (Mohanty and Mohanty, 2021). The 

adipose tissue produces the hormone oestrogen, and increased oestrogen levels stimulate 

the growth of hormone-sensitive breast cancer cells (Bhardwaj et al., 2019). Furthermore, 

researchers discovered that a higher body mass index (BMI) is linked to more aggressive 

biological characteristics of the tumour, such as a larger size and a higher percentage of 

metastasis. Breast cancer development has been linked to unhealthy diets that are high in 

saturated fats, which are generally found in animal products (Fiolet et al., 2018), and high 

consumption of alcohol. All these have been linked to obesity and being overweight, two 

conditions that are known to increase breast cancer risk (Leso et al., 2019). These 

substances disrupt hormonal balance and have oestrogenic properties; hence, exposure 

in adequate amounts has been reported to increase the chances of developing breast 

cancer-related mutations (Eve et al., 2020, Rodgers et al., 2018).  

 

2.4 Triple-negative breast cancer  

Clinically, breast cancer is classified based on immunohistochemical markers into four 

distinct types that are distinguished by their surface receptors: luminal A, luminal B, 

human epidermal growth factor receptor 2 (HER2)-positive, and triple-negative breast 

cancer (TNBC). TNBC, the most aggressive breast cancer, with absence of all surface 

receptors, oestrogen receptor (ER), progesterone receptor (PR), or HER2, and accounts 

for approximately 15-20% of all breast carcinomas. With an earlier age of initial onset, 

a greater likelihood of metastatic spread, and more frequent relapse, TNBC   presents 

with a more aggressive clinical course than hormone receptor-positive or   HER2-positive   
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cancers (Park et al., 2022, Garrido-Castro et al., 2019). The figure below illustrates in 

summary the most common breast cancer types with their respective receptors. 

 

Figure 1. Classification of common breast cancers that show selective surface receptors (Kirkby et al., 
2023). 
 

2.4.1 Diagnosis of TNBC 

Currently, TNBC is diagnosed using imaging and immunohistochemistry. Imaging 

comprises a mammogram, ultrasound of the breast, and magnetic resonance imaging 

(MRI) (Dass et al., 2021). A mammogram uses very low doses of radiation that cannot 

easily infiltrate the breast tissue to determine breast cancer through the presence of 

calcification or masses (Gosling et al., 2019). A challenge with mammography is the 

result of false negatives and positives, which can affect the patient’s outcome (Hussaini, 

2017). Additionally, the effects of radiation pose a significant risk for patients who are 

carriers of the breast cancer gene or have a family history of developing breast cancer 

(Wengert et al., 2019). Diagnosis of breast cancer using ultrasound is usually carried out 

when the mass or swelling is not located during mammography, however signs are 

observed (Dass et al., 2021). This method serves as an approach to differentiating 

between a breast cyst and a tumour. This differentiation is vital as it will assist in 

implementing the correct treatment method as breast cysts are often benign, whereas a 

tumour mass requires more testing to confirm malignancy (Berg et al., 2010).  
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The MRI diagnostic technique is utilized as an early detecting tool for individuals with a 

high risk of developing breast cancer due to its efficiency when compared to ultrasound 

and mammograms (Dogan et al., 2012). A limitation of using MRI is that it cannot 

distinguish the breast cancer subtype, and it only detects the presence of the cancer in the 

breast (Zhou et al., 2015). 

The standard IHC technique is employed in pathological laboratories to diagnose TNBC, 

since the imaging techniques utilized in clinical facilities do not reveal the intratumoural 

characteristics such as necrosis and fibrosis commonly seen in TNBC (Penault-Llorca 

and Viale, 2012). This technique is based on detecting the ER, PR, and HER2 surface 

receptor markers (Oakman et al., 2010). These diagnostic techniques facilitate in 

developing the most effective outcomes for treating the disease and improve survival and 

quality of life. 

 

2.4.2 Treatment of TNBC 

The current treatment approach to breast carcinoma is multimodal, with the most 

common being surgery, radiotherapy, and chemotherapy.  

2.3.2.1 Surgery  

Most women diagnosed with breast cancer, report with early stages that can be treated 

with lumpectomy to remove a single lump with mastectomy, the removal of the breast 

tissue through surgical process (Kummerow et al., 2015). This procedure presents 

beneficial factors such as an improved survival rate, and patients can avoid radiation and 

chemotherapy altogether (Mamtani and Morrow, 2017). However, there are risks to this 

procedure; despite being highly invasive, it also presents with scarring, chronic pain, and 

anatomical changes of the chest area, affecting the shoulder girdle as well (Howes et al., 

2017, Hidding et al., 2014). Additionally, the risk of breast asymmetry in a case of 

unilateral mastectomy has been reported as a major disadvantage to this treatment option 

(Hieken and Boughey, 2016).  
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2.3.2.2 Radiotherapy 

Radiotherapy, on the other hand, is targeted at the whole breast and is based on the cancer 

type and size. This option is mostly a follow-up of the surgery procedure in case of 

recurrence (Gnant et al., 2017). The radiation risk include: incomplete treatment, 

resulting in rapid tumour growth recurrence, leading to poorer overall survival (Peart, 

2015). Additionally, radiation can result in nerve damage and contractures (Lovelace et 

al., 2019).  

2.3.2.3 Chemotherapy 

TNBC are biologically aggressive and have been reported to be more responsive to 

chemotherapy than other breast cancer types, however, they still present with a poor 

prognosis (Wahba and El-Hadaad, 2015). The current therapeutic options for treating and 

managing TNBC include platinum compounds targeting the DNA repair pathway, 

anthracyclines targeting cell proliferation, and taxanes targeting P53 tumour suppressor 

(Wahba and El-Hadaad, 2015). These drugs work by killing rapidly growing cancer cells, 

however they are harmful to the healthy cells as they disrupt the cell cycle resulting in 

DNA damage and enforcing apoptosis (Alaouna et al., 2023). A significant limit of 

chemotherapeutic drug use is that they each present with toxicity and severe side effects 

such as fatigue, hair loss, and nausea/vomiting (Amjad et al., 2024). Anthracyclines such 

as doxorubicin, an antibiotic used for TNBC, present with a primary limit of permanently 

damaging the heart when given for prolonged durations and exceeding the administration 

dose (Rehman, 2018). Taxane use is reported to be halted by their side effect properties, 

which include gastrointestinal bleeding, with paclitaxel, the most commonly used for 

TNBC, being linked to cardiac conduction abnormalities (Ismail and Killeen, 2024). 

2.3.2.3.1 Cisplatin 

Cisplatin is a platinum compound with mild-to-moderate side effects compared to other 

chemotherapeutic agents, such as taxanes and anthracyclines used to treat TNBC. The 

side effects of the compound include myelosuppression, nephrotoxicity, neurotoxicity, 

and nausea/vomiting. Patients with metastatic breast cancer have reported high efficacy 

when using this chemotherapeutic drug in combination with other treatments (Baek et 

al., 2020). However, numerous research studies revealed that several patients with such 
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cancers eventually suffer from relapse and develop resistance to chemotherapy 

(Ranasinghe et al., 2022). Cancer cells become resistant to chemotherapeutic drugs 

through a variety of mechanisms, including changes in drug accumulation in cells 

through decreased uptake, detoxification of the drug, DNA repair, or negative regulation 

of apoptosis (Rabik et al., 2009, Galluzzi et al., 2012a, Zhu et al., 2018).  

 

2.3.2.3.1.1 Mechanism of cisplatin resistance in cancer studies 

During the treatment of solid tumours, cisplatin is administered intravenously as a short-

term infusion dissolved in normal saline. Upon entering the cytoplasm, activation of 

cisplatin occurs through the displacement of chloride atoms by water molecules, which 

subsequently yields an electrophile that exhibits an affinity towards sulfhydryl groups 

present on proteins and nitrogen donor atoms on nucleic acids (Dasari et al., 2022). The 

binding selectivity of cisplatin to purine bases with 1, 2-intrastrand cross-links induces a 

disruption in cellular division and prompts apoptotic cell death (Brown et al., 2019).  

It has been noted that resistance to cisplatin can develop in tumour cells upon failure to 

undergo apoptotic cell death after exposure to the drug at clinically relevant 

concentrations (Amable, 2016). Cisplatin resistance is a complex mechanism that cannot 

be explained by only a single molecular pathway; the processes leading to drug resistance 

are categorized based on the stage at which they transpire within the cell (Lugones et al., 

2022).  

The various ways that cisplatin resistance develops may include cisplatin being less 

effective at binding to the DNA because of accumulated detoxification processes or 

decreased drug concentrations within the cells (Galluzzi et al., 2012a). This may be due 

to increased glutathione synthesis and decreased levels of copper transporters, which 

prevent cisplatin from building up inside cells (Wangpaichitr et al., 2021). In the event 

that cisplatin does attach to DNA, cells can repair the damage by developing resistance 

to genetic harm or by using processes such as nucleotide excision repair (Galluzzi et al., 

2014). Furthermore, despite DNA damage, modifications to signaling pathways, such as 
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the inactivation of TP53 and caspases, can stop cells from going through apoptosis or 

cell death. These resistance mechanisms have been found in ovarian and breast 

malignancies, among other types of cancer (Lugones et al., 2022).  

Autophagy-mediated cisplatin resistance mechanism involves multiple cellular processes 

that protect cells against cisplatin-induced toxicity. Autphagy reduces cisplatin induced 

DNA damage by removing damaged mitochondria and other protein aggregates, thereby 

maintaining genomic stability (Kroemer et al., 2009). Addirionally, autophagy enhances 

DNA repair pathways, such as nucleotide excision repair, allowing cancer cells to repair 

DNA lesions more efficiently (Liu et al., 2013). Furthermore, autopahagy modulates 

apoptosis and necrosis, inhibiting pro-apoptotic signals and promotes cell survival 

(Galluzzi et al., 2012b). 

A visual representation of these different pathways is shown in the image below, along 

with the corresponding molecules and enzymes in charge of each action that contributes 

to the compound's resistance.  

 

Figure 2. Illustration of the cisplatin mechanism of action in cancer treatment (accessed from 
Biorender.com 26 February 2024). 
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2.5 The role of epithelial-mesenchymal transition in cancer drug resistance  

Numerous processes, including drug efflux, drug metabolism, and drug target mutations, 

can lead to treatment resistance. Cell-cell adhesions, apical-basal polarity, and the change 

to invasive mesenchymal cells are all part of epithelial- mesenchymal transition (EMT). 

EMT affects several biological and pathological processes, like wound healing, cancer 

cell metastasis, and drug resistance (Kim et al., 2017). Commonly, E-cadherin loss is 

what defines EMT. Gene expression changes brought about by EMT result in several 

phenotypic changes, including changes in cell shape, loss of cell adhesion, and acquiring 

characteristics unique to stem cells (Kim et al., 2017). A schematic representation of 

some of the properties that cell that undergo EMT acquire are summarized. 

 

 

Figure 3. Epithelial-mesenchymal-transition MT results in phenotypic changes that lead to altered 
behaviour of the cells at the molecular level (LGC standard, Joe Lackey, 2024). 

 

During the 1990s, researchers discovered a link between EMT and drug resistance in 

cancer cells. The studies demonstrated that the cancer cells resistant to drugs such as 

adriamycin and vinblastine underwent EMT and were characterized by decreased tight 

junctions and desmosomes and upregulated vimentin production (Ahmed et al., 2020). 

Currently, EMT is seen as a mechanism of drug resistance in various cancer types, 
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including pancreatic cancer, bladder cancer, and breast cancer (Hill and Wang, 2020). 

Cells that have undergone EMT reportedly display stem cell-like traits and have the same 

signalling pathways and drug resistance properties as those seen in cancer stem cells 

(CSCs) (Mani et al., 2008, Singh and Settleman, 2010). 

Drug resistance in cancer stem cells is reported to be caused by the overexpression of 

cell membrane transporter proteins, which pump drugs out of the cells. These include the 

ABC transporters, multidrug-resistant gene-1, multidrug-resistance protein-1, and breast 

cancer-resistance protein (Fan et al., 2023). EMT upregulates these ABC transporters by 

binding the transcription factors to ABC transporter promoters, leading to drug resistance 

(Saxena et al., 2011). 

 

2.6 The use of preclinical models in breast cancer studies  

Cell culture and animal models have been used extensively in cancer research, focusing 

on the mechanisms of cancer cells and drug development. Most biomedical researchers 

use in vitro 2D culture models, forming a monolayer. Researchers currently use 2D cell 

cultures because of their high efficiency, simplicity, and inexpensive properties. 

However, during this technique, the ECM is not readily formed within the 

microenvironment, posing a limitation as cells require support from cellular and non-

cellular structures, as reflected in the human body (Edmondson et al., 2014). New 

techniques that allow cells to assemble into 3D models and replicate cell-cell interactions 

in vitro provide power and advancement to cancer biology and drug discovery (Jubelin 

et al., 2022). 

2.6.1 Animal studies in cancer research  

As a model for researching cancer, rats assist researchers in understanding the 

complexities of how the body responds to treatment and the genetic mutations that can 

lead to cancer (Walrath et al., 2010). However, the development of these tumour animal 

models is complicated by unresolved technical challenges. Specifically, the 

transplantation methods are limited, and cancer cells are not engrafted with high 
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efficiency in transplants (Alghuwainem et al., 2019a). Xenograft tumours are 

superficially vascularized, and the stroma-tumour interactions are significantly limited 

(Idrisova et al., 2022) and in contrast to naturally occurring cancers, xenograft cancer 

models are significantly limited by the immune system deficiencies of the mice and rats 

used (Tian et al., 2020). Patient tumours usually exhibit intratumourally cellular and 

molecular heterogeneity, whereas xenografts are often derived from clones (Gerlinger et 

al., 2012, Zhang et al., 2014). Additionally, as opposed to most human tumours, where 

only a few cells actively divide at any given time, most xenograft cells are actively 

proliferating, which may explain why chemotherapeutic drugs that target dividing cells 

appear to be effective in xenograft models but have varying results in clinical stages 

(Simons and Brayton, 2017). As such, the restricted medicine administration and high-

resolution imaging equipment requirements that result from the size differences between 

mice and humans pose a practical restriction in preclinical studies. Hence, allometric 

scaling and the inability of xenograft models to fully represent human TME and immune 

system interactions are some of the challenges of utilizing animal models in cancer 

research studies (Nair and Jacob, 2016). These limitations related to the cell line-based 

xenografts and animal models used as a host prompt for reviewing alternative methods 

to overcome these shortcomings and better recapitulate the human physiology and TME.  

 

2.6.2 Two-dimensional vs Three-dimensional cell culture models in cancer studies 

Cells have been cultured in 2D since the 1900s, which played an essential role in research 

but has been hampered by the inaccurate representation of tissue cells in vitro (Costa et 

al., 2016, Ferreira et al., 2018). Most drug screening is done in 2D in vitro cultures, which 

ignore the complexity of interactions seen in tumours in vivo. For instance, when cells 

are in 2D, they have more surface area in contact with the plastic and culture media than 

with other cells, causing them to polarize in ways that do not reflect physiological 

conditions (Baker and Chen, 2012). In the diagram below, some of the advantages and 

disadvantages of cells growing on the 2D and 3D scaffold models are outlined labelling 

each component. 
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Figure 4. Differences of growing cells in a 2-D dish and 3D scaffolds (Owens, 2023). 

 

In vitro models of human tumours are limited in their usefulness when cultivated in a 2D 

culture paradigm. Cancer, on the other hand, is a complicated heterotypic illness rooted 

in an organ along with its microenvironment, which means that many crucial 

characteristics of its in vivo equivalents are absent from the traditional 2D culture (Kenny 

et al., 2007).  

Studies have been conducted to compare the traditional 2D and new 3D cell culturing 

methods. In a study by Fontoura et al. (2020), drug resistance, gene expression, and cell 

proliferation were examined in 2D and 3D cell culture models. Both models could 

support growth, but 3D models show morphologies closer to in vivo growth than 

monolayer models. Furthermore, following treatment, cells produced in all 3D culture 

systems showed at least 30% higher viability than the 2D group and exhibited greater 

resistance than those grown in monolayer.  

A prior study evaluated drug sensitivity testing between 2D and 3D culture systems using 

three widely used anticancer medicines (docetaxel, cisplatin, and epirubicin) to treat 

TNBC. A scaffold-free culture was chosen because it is easy to use, highly reproducible, 

and uses the same culture conditions and cell viability assay as 2D culture. Compared to 

the 2D culture technique, the TNBC examined in this study showed superior resistance 
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to all three medications when tested in the 3D culture system. As a result, the 2D culture 

system might not be appropriate for anticancer drug sensitivity testing since the 3D 

culture more closely mimics an in vivo setting. However, it might be appropriate to test 

substances that damage DNA (Muguruma et al., 2020). 

These results suggest that translational research is ideal for developing representative 3D 

cell culture systems that can effectively be used as standard in vitro models in research 

institutions.  

 

2.7 The CelVivo ClinoStar™ system for spheroid generation  

According to (Nolan et al., 2020), several well-established 3D models can be used to 

grow, maintain and characterize spheroids. A model of this kind is the Celvivo™ 

ClinoStar™ based rotating bioreactor developed by (Wrzesinski and Fey, 2015). 

A bioreactor refers to a device used to formulate 3D cultures of cells or tissues in vitro 

(Licata et al., 2023), characterized by its ability to regulate the environmental conditions, 

such as pH, dissolved gas concentration, flow rates, and nutrient supply in the system, 

removal of metabolic waste products and limiting excess shear stress (Vandermies and 

Fickers, 2019).  

The ClinoStar™ system comprises ClinoReactors™ divided into two compartments, 

with the outer compartment responsible for humidification and gaseous exchange, while 

the inner compartment houses the cells and growth medium (van Niekerk et al., 2023).  

The ClinoReactors™ are fixed in a rotating ClinoStar™ system, which ensures that the 

cells self-aggregate without adhering to the surface of the ClinoReactor™ (Breslin and 

O'Driscoll, 2013).  

Van Niekerk (2023) employed this ClinoStar™ system to construct a drug-resistant small 

lung cancer mini-tumour model, which was assessed for growth and viability for 28 days. 

After determining the experimental window, the model was evaluated for anticancer 

properties by administering irinotecan, paclitaxel, and cisplatin for 96 hours. The results 

suggested full functionality and viability of the 3D model throughout the characterization 
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period, and spheroids responded to treatment as of the model drugs, as seen in vivo (van 

Niekerk et al., 2023).  

 

2.8 Spheroids as appropriate models for in vitro studies 

The 3D cell culture platforms, when compared to 2D cultures, yield a more physiological 

cell-cell, cell-ECM architectural structure due to the scaffolds, hydrogels, and 

microfluidics. This renders 3D cellular models better for drug discovery tests, drug 

delivery, and toxicity (Haycock, 2011).  

Spheroids are the simplest, most versatile structures characterized by their spherical 

aggregates of cancer cells that have self-assembled or encouraged by external factors to 

aggregate. The spheroids' structure, size, and appearance are usually influenced by 

factors, such as the cell line, the culture method, the seeding density, and shear stress 

(Tosca et al., 2023). Subsequently, larger spheroids display zones of proliferating cells 

on the outer layer, quiescent cells in the middle layer, and a necrotic core due to the 

limited diffusion of oxygen, nutrients, and metabolites (Mehta et al., 2012). This trend is 

commonly notable in the in vivo environment, whereby the peripheral cells are actively 

proliferating near the capillaries as their source of oxygen, while the inner cells are likely 

to die either by necrosis or apoptosis (Hirschhaeuser et al., 2010). Spheroid growth 

generally follows the S-shaped growth pattern, with the first phase of exponential growth 

followed by a time of linear growth and then a plateau (Han et al., 2021). 

The strong cell-cell interactions displayed in spheroids are responsible for the behaviour 

of cancer cells, such as the proliferation rate, the survival, and the response of the cells 

to drugs. They increase the mass of the spheroids, creating a barrier that limits drug 

delivery into the core of the spheroids. These properties significantly affect the 

therapeutic effects of medication, increasing drug resistance and enhancing the reliability 

of drug screening in cancer spheroids (Nunes et al., 2019).  
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2.9 Established three-dimensional breast cancer models  

Huang et al. (2020) established a TNBC MDA-MB-231 spheroid model to investigate 

malignant cells and tumour development and to assess drug resistance. As opposed to 2D 

monolayer cultures, breast cancer spheroids can replicate the complex in vivo TME 

better. To generate the MDA-MB-231 spheroids, the microwell array method was 

employed. In this scaffold-based technique, cells are collected to the bottom of the plate 

by the sidewalls, eventually encouraging the clumping up of the cells to form spheroids. 

The proteins associated with EMT were investigated using the western blot assay in 

conjunction with confocal microscopy. The IC50 of carboplatin and doxorubicin was 

reported to measure the drug resistance of these spheroids. As a result of this study, 

simple spheroids were developed, and their structure, growth, and proliferation 

characteristics were demonstrated. According to their findings, the spheroids exhibited 

superior EMT and were more resistant to toxicological responses when compared with 

conventional 2D cultures.  

In another study, a 3D culture system examined multidrug resistance in breast cancer 

(Ding et al., 2018). A 3D silk scaffolds were employed to culture the breast cancer MCF-

7 cell line to characterize the growth properties, morphology, and gene/protein 

expression. The use of the scaffold method to develop a 3D microenvironment displayed 

the ability of the cells to extend the proliferation stage effectively, the overexpression of 

MDR-related gene proteins, and upregulate chemoresistance in vitro. The study's results 

highlighted that the breast cancer cells cultured in a 3D environment displayed a 

modification in their cell cycle, as well as an increased proportion of cells that exhibited 

properties seen in breast cancer stem cells (BCSCs). This model can potentially enhance 

the comprehension of tumour multidrug resistance (MDR) more precisely and 

systematically. 

These studies suggest that developing and characterizing a 3D cell model with relevant 

properties could be valuable for studying drug efficacy in preclinical facilities and 

developing anticancer compounds that bypass chemo-resistant mechanisms.  
 



23 
 

2.6.3 Three-dimensional culture techniques  

Two unique categories can be formulated from cell culture techniques and protocols 

created to culture cells in 3D environments in vitro, namely scaffold-based and scaffold-

free. 

 

2.6.3.1 Scaffold-based techniques  

Growing cells on a structural scaffold replicating the natural ECM using biopolymers is 

the most traditional method for 3D cell culture. These scaffolds can be used in regular 

cell culture processes or as the basis for more challenging tissue engineering initiatives, 

such as creating artificial organs. In scaffold-based 3D cell culture, cells are cultured on 

a scaffold, where they connect and populate (Alghuwainem et al., 2019a). These 

scaffolds are made of biomaterials that allow for enough gaseous exchange, nutrient 

availability, and growth factors supply. One example is a polymeric rigid material-based 

support where the cells are grown alongside sponge-like structures or threads (Tosca et 

al., 2023). The biomaterials used to culture cells are synthetic or naturally derived 

polymers, which provide support for cell growth and mimic ECM conditions. Cells can 

either be only surface-coated or anchored in the hydrogels. Hydrogels can be divided into 

a few categories with various unique features depending on the type of polymer used. 

These groups consist of ECM protein-based, synthetic, and natural hydrogels (Chen et 

al., 2023).  

Natural Hydrogels are based on chains of covalently or non-covalently bound 

hydrophilic polymers. Natural or synthetic polymers produce gels when crosslinked by 

covalent or noncovalent bonding. Alginate, gelatine, hyaluronic acid, agarose, laminin, 

collagen (Jensen and Teng, 2020, Liu et al., 2022) or fibrin are examples of bioactive and 

biodegradable natural polymers, which can be categorized as proteins, polysaccharides, 

or polynucleotides. Additionally, Unlike gels, hydrogels are more solid than liquid and 

can absorb large amounts of water and swell without disintegrating (Nikolova and 

Chavali, 2019).  
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Biological tissues and processes can be adapted to hydrogels. These scaffolds mimic 

ECM and have tissue-like stiffness, enabling factors like cytokines and growth factors to 

move through them (Langhans, 2018). However, scaffolds based solely on natural 

hydrogels cannot hold their 3D shape because of their poor mechanical properties 

(Nikolova and Chavali, 2019). The properties of synthetic hydrogels make them more 

consistent, reproducible, and customizable compared to natural hydrogels (Habanjar et 

al., 2021). Despite their hydrophobicity, synthetic polymers do not display high cell 

affinity due to the lack of cell recognition sites (Nikolova and Chavali, 2019). 

Choosing a reliable scaffold to use in research is crucial. The stiffness of the scaffold can 

negatively impact cancer progression and treatment resistance; therefore, taking these 

parameters into account helps to ensure that the most appropriate scaffold is employed. 

It also affects cell behaviour, which could be detrimental to disease modelling. 

Additionally, the ECM's functionality will influence how cells are supported and interact, 

changing how cells behave. To acquire the optimum match for the cell type, it is 

necessary to specify and optimize the capabilities of the selected scaffold. Some of the 

commonly used 3D based scaffolds in cancer can be seen in the illustration below. 

 

Figure 5. Example of the scaffold-based 3D techniques in cancer research (Unnikrishnan et al., 2021). 
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2.6.3.2 Scaffold-free technique  

A scaffold-free approach involves building a scaffold with single cells, cell aggregates, 

or tissue strands. It is dependent on the building blocks' inherent ability to be combined 

and built into larger structures (Ovsianikov et al., 2018). Unlike the scaffold-based 

technique, cell proliferation and migration are not decisive factors in this method. As a 

result, tissue construction can be completed in a shorter time (Ovsianikov et al., 2018). 

The definition of a scaffold-free structure is still ambiguous and debatable, however, the 

commonly used definition is the development of a living tissue using single cells that 

further determine the architecture and matrix components (Alghuwainem et al., 2019b). 

According to Athanasiou et al., "scaffold-less tissue engineering refers to any platform 

that does not require cell seeding or adherence within an exogenous, 3D material" 

(Athanasiou et al., 2013). Generally, when cells are confluent, they can produce large 

amounts of ECM. This feature was investigated using cells treated with growth factors 

and matured in a mould to develop scaffold-free 3D models that produce their own matrix 

(Miyazaki et al., 2010). 

The basis of a scaffold-free technique is further characterized by the cell organization 

and self-assembly by natural features to allow cells to perform events with minimal 

interference, such as the development of spheroids (Athanasiou et al., 2013). Using this 

method, the cells are solemnly let to self-aggregate into unattached spheroids. These 

spheroids then organize and form their ECM, like solid in vivo tumours indicating 

sufficient nutrient supply. Spheroids in this technique usually have a constant size and 

shape, rendering them superior in vitro cellular models for high-throughput screening 

(Mehta et al., 2012).   

The most common examples of scaffold-free techniques include low attachment plates, 

the hanging drop method, 3D petri dishes, and 3D bioreactors.  
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• For the low attachment plate method, wells are coated with a polymer to reduce 

adhesion. After centrifugation, well plates are filled with a cell suspension to create 

spheroids (Breslin & O'Driscoll, 2016).  

• During the hanging drop method, a suspension aliquot of cells is agglomerated 

in microarrays and fabricated into droplets containing spheroids. Spheroid size can 

be manipulated by adjusting the cell suspension's density (Ryu et al., 2019).  

• Utilizing a bioreactor that is constantly moving, agitation-based methods recreate 

microgravity. Continual swirling in a cell suspension progressively transforms 

solitary cells into aggregates that cannot attach to the container wall. Thus, non-

uniform spheroids are produced randomly (Ryu et al., 2019). An essential 

advantage of rotating reactors is efficient gas and nutrient exchange inside the 

bioreactors (Wrzesinski and Fey, 2018). In addition, a variety of benefits of this 

method include its simplicity, extensive production of 3D cultures, and extended 

culture of 3D spheroids (Barrila et al., 2010). The disadvantage to rotating 

bioreactors is that they require specialized equipment that is relatively expensive, 

as well as high quality/quantity of culture medium (Barrila et al., 2010). In the 

image below techniques that are used to generate scaffold-free 3D models are 

shown. 

 

Figure 6. A visual illustration of the different techniques employed to generate scaffold-free 3D 
models (Adams et al., 2023). 
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CHAPTER 3 – METHODOLOGY 
 

3.1 Materials and Methods   

Site selection: The research experiments for this research study were executed at two 

locations: The Basic Medical Sciences department at the University of the Free State in 

Bloemfontein and the Centre of Excellence for Pharmaceutical Sciences (Pharmacen™) 

at the North-West University in Potchefstroom.  

The MDA-MB-231 (HTB-26™) cell line was sourced from the American Tissue Culture 

Collection (ATCC) through Industrial Analytical [Pty] Ltd, which forms part of LGC 

standards, the sole supplier of ATCC materials in South Africa. The MDA-MB-321 cell 

line was derived from a pleural effusion of a patient with breast cancer, and the model 

was described as TNBC due to the absence of the ER, PR, and HER2 and the high rate 

of recurrence. The importation of the cells as biological material in terms of section 68 

of the National Health Act 2003 (Act No. 61 of 2003) was handled by Industrial 

Analytical [Pty] Ltd, including the subsequent customs clearance and shipment of 

materials using cold chain handling to the Basic Medical Sciences department at the 

University of the Free State. The MDA-MB-231-HTB-26™ cell line is identified as a 

non-hazardous substance or mixture (BSL-1) according to the United States 

Occupational Safety and Health Administration (OSHA) Hazard Communication 

Standard (29 CFR 1910.1200) and was handled as a non-hazardous material using aseptic 

techniques which were observed by all personnel working in the lab.  

In addition to the cell line, the following consumables were utilized in this project to 

carry out experiments and maintain cell growth: Phosphate-buffered saline (PBS), 

Trypsin-EDTA 0,5%, and Foetal Bovine serum (FBS) purchased from Thermo Fisher 

Scientific, Johannesburg, South Africa. Gibco High Glucose Dulbecco’s modified eagle 

medium (DMEM) and Penicillin-streptomycin were purchased from Thermo Fisher 

Scientific, Johannesburg, South Africa. The CellTiter™-Glo Luminescent buffer was 

purchased from Promega. The ATP standard for the intracellular ATP assay was 
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purchased from Sigma-Aldrich, Johannesburg, South Africa, as well as the assay buffer 

and AK detection reagent from Lonza (Whitehead Scientific [Pty] Ltd., Cape Town, 

South Africa). Lysis buffer was prepared in the laboratory. Bovine serum albumin (BSA) 

and colour reagent used in the soluble protein assay from Bio-Rad Laboratories (Pty) 

Ltd, South Africa.  

  

3.2 Culture and maintenance of MDA-MB-231 cells 

The TNBC MDA-MB-231 cell line was cultured in a T25 flask inside a sterile Airtech 

laminar flow hood. Frozen 2 mL vials of the cell line were suspended in warmed DMEM 

culture medium supplemented with 10% FBS and 1% penicillin-streptomycin and 

cultured as monolayer cultures at 37°C in a 5% CO2 and 95% humidified air incubator. 

Cells were grown to 80% confluency, washed with PBS, detached using trypsin, and a 

cell count was done using an automated cell counter TC20. Following the cell count, 1 

mL cell suspension was seeded into T75 flasks containing 9 mL complete medium. 

Trypsinization:  

Cells were removed from the incubator and observed under a microscope for confluency. 

Following confirmation of 80% confluency, the culture flasks containing cells were 

placed inside the laminar flow hood, the DMEM was removed, and cells were rinsed 

three times with 5 mL pre-warmed PBS to ensure no trace of the spent DMEM. To 

dissociate the cells from the base of the culture flask, 3 mL of trypsin was added to the 

culture flask and incubated for 10 min to allow catalysis of adherent proteins and detach 

the monolayer. Once 10 min. has elapsed, the cells are observed under the microscope to 

assess if the monolayer has been detached from the culture flask surface. To counteract 

and neutralize the effects of trypsin, cells were re-suspended in pre-warmed 10 mL 

DMEM and transferred into a 15 mL conical tube, and this cell suspension was 

centrifuged at 2000 rpm for 10 min. at room temperature. The supernatant was extracted 

following centrifugation, and cells were resuspended in 2 mL of DMEM. Gentle 

pipetting is used to break down the pellet and mix it properly with the culture medium to 
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prepare for cell count. For the count, 20 µl of the cell suspension and 20 µl of trypan blue 

dye were added in an Eppendorf tube. Following this, 10 µl of the mixture is transferred 

onto a cell counter slide and inserted into the TC20 automated cell counter to determine 

the number of live cells. Following this, the cells were either seeded into 2 new culture 

flasks or seeded into the 96-well plate for the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) experiment. 

 

3.3 Induction of cisplatin resistance  

This study established 2D cisplatin-resistant MDA-MB-231 cells by repeatedly exposing 

a Wild-type/Parental MDA-MB-231 cell population to a chemotherapeutic drug 

(cisplatin) in culture. Firstly, the Wild-type/Parental MDA-MB-231 cells were cultured 

with a seeding density of 10,000 cells/well in a 96-well plate (n=6) with media 

supplemented with cisplatin (0.01-10 µM) for 48 h. The IC50 (drug concentration causing 

50% growth inhibition) was determined as described in section 3.3.2. Thereafter, the 

remaining survival cells were continuously exposed to IC10-IC50 drug concentration 

treatment for 48 h alternating a recovery period of 48 h for approximately nine months 

to induce cisplatin resistance in the cells. Drug resistant cell models are typically 

developed in vitro by exposing cancer cells to chemotherapy agents over 3-8 months, 

depending on factors such as parent cell line, drug concentration and treatment frequency 

(McDermott et al., 2014b). Thus, a similar method was adapted in this study to acquire 

resistance. To confirm resistance in the exposed variant of MDA-MB-231 cells, the MTT 

assay was performed, where after the IC50 of the Wild-type/Parental MDA-MB-231 and 

cisplatin-resistant MDA-MB-231 cells were used to determine the fold-resistance.  

 

3.3.1 Preparation of the cisplatin  

The cisplatin stock treatment was prepared by weighing 12 mg of cisplatin powder 

(Sigma-Aldrich) and dissolving it in 6 mL of sodium chloride solution (saline) in a 15 

mL conical tube. This resulted in a stock concentration of 6 x 103 µM, and from this stock 
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solution, the desired treatment concentrations were calculated and added to the DMEM 

and used for the treatment period.  

3.3.2 A 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cytotoxicity 
assay 

The basis for the MTT assay is the reduction of yellow soluble MTT reagent into 

insoluble purple formazan crystals by the metabolically active cells (Nga et al., 2020).  

The WT/Parental and the cisplatin-exposed MDA-MB-231 cells were cultured with a 

seeding density of 10,000 cells/well in separate 96-well plates (n=6) and were incubated 

to allow for attachment overnight. Following this, cells were treated with cisplatin serial 

dilution concentrations (0.01, 0.1, 1, 10, and 100 µM); an untreated control and no cells 

control were also grouped. 100 µl of DMEM with treatment was added to each well and 

then incubated for 48 h. After incubation with treatment, the treatment was removed from 

each well, and the cells were rinsed with 100 µl PBS. Each well was filled with 100 µl 

of DMEM and 20 µl of concentration 0.5 mg/mL of MTT reagent. The plates were then 

incubated at 37ºC for 4 h. Following the incubation, the media with MTT solution was 

discarded, and 50 µl DMSO was added to each well. The plates were placed on a shaker 

for 25 min at room temperature. Once the formazan crystals had dissolved, absorbance 

was measured at 570 nm relative to the 630 nm wavelength on a Promega GloMax® 

Discover microplate reader. For these paired cell lines, the IC50 (drug concentration 

causing 50% growth inhibition relative to untreated control) was utilized to calculate the 

fold resistance or increase in resistance using the following formula (McDermott et al., 

2014a): Fold resistance = IC50 of cisplatin-resistant cell line/IC50 of parental cell line. 

 

3.4 Spheroid establishment and maintenance  

The ClinoStar™ system (CelVivo ApS, Odense, Denmark) was used to develop and 

maintain a novel cisplatin-resistant MDA-MB-231 TNBC spheroid model. The 

ClinoStar™ system comprises six engines, rotating ClinoReactors™ with adjustable 

rotation speeds, and an incubation chamber with temperature maintained at 37⁰C and 5% 
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CO2. The cisplatin-resistant MDA-MB-231 spheroids were generated using the protocol 

by Wrzesinski et al. 2013 previously described methods (Wrzesinski and Fey, 2013) 

3.4.1 Preparation of a cell suspension 

The resistant MDA-MB-231 cells were grown under flat culture conditions until 80% 

confluence. After trypsinization (4 minutes), the cell suspension was centrifuged at 204 

x g for 5 min. The supernatant was disposed of, and the cell pellet was resuspended in 5 

ml media. Cell counting was done using the Sceptre handheld automated cell counter.  

3.4.2 Initiation of spheroids 

Four ClinoReactors™ were set up for the model establishment of the cisplatin-resistant 

MDA-MB-231 spheroids. ClinoReactors™ were prepared by hydrating the 

humidification beads by adding 25 mL of sterile water in the hydration port and 6 mL of 

PBS in the cell chamber. The ClinoReactor™ was incubated for 6 h in the ClinoStar™ 

with slow rotation. The PBS was discarded, and the chamber was filled with media. The 

ClinoReactor™ was closed and placed into the ClinoStar™, rotating at 15 rpm overnight 

to allow equilibration. After equilibration, 800,000 cells were inserted into 

ClinoReactor™. The ClinoReactors™ were filled to 10 mL with culture medium 

containing 0.5 µg/mL ascorbic acid, closed, and placed into the ClinoStar™, rotating at 

2.5 rpm overnight. To achieve optimal growth conditions, the growth medium was 

exchanged every 48 h, and the speed of rotation was adjusted to compensate for the 

spheroids' growth. On day 2 (48 h in culture), the contents in each ClinoReactor™ were 

divided (1:2) into two ClinoReactors™, resulting in eight ClinoReactor™ with media 

containing 0.5 ug/mL ascorbic acid. This was to minimize clumping of the single-cell 

suspension and assist with spheroid formation. On day 4 in culture, the media was 

exchanged, but ascorbic acid was removed, and the media was supplemented with 20% 

FBS. Prolonged use of ascorbic acid can result in clumping of the cells. The increase in 

FBS concentration assisted with compactness and growth of the spheroids. The formed 

spheroids in each ClinoReactor™ were sorted on day 6 of culture, and 180 spheroids 

were placed into each ClinoReactor™ for characterization. Microscopy was used to 
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examine spheroid integrity and diameter throughout the experiment, utilizing an A DFK 

72AUCO2 USB 2.0 colour industrial camera (The Imaging Source, Bremen, Germany) 

linked to an inverted microscope (Nikon TS100/TS100F, Nikon instruments, Tokyo) and 

the Axio Vert A1 inverted transmitted light microscopy with AxioCam 305 mono fitted 

camera (195-043518) (Zeiss, Johannesburg, South Africa). 

3.4.3 Resistant MDA-MB-231 spheroid model characterization 

The spheroids were characterized every second day until day 28, from day 6 in culture. 

This was done to assess the spheroids' health and growth and to identify the period where 

the spheroids reached a metabolic equilibrium or the optimal experimental window of 

the model. Characterization was performed using two biological groups (each consisting 

of two ClinoReactors™), and sampling was alternated between the two ClinoReactor™ 

per biological group to avoid the spheroid population decreasing too fast. Three technical 

replicates were sampled from each biological group every 48 h. This resulted in six 

samples for each parameter (n = 6).  

3.4.3.1 Soluble protein content 

The soluble protein content can indicate the growth of the spheroids and was determined 

using a Bradford assay. BSA (2 mg/mL, Bio-Rad, Lasec SA (Pty) Ltd., Midrand, South 

Africa) was diluted in water to create a reference standard curve. On days 6 and 8 of 

culture, 3 spheroids were sampled from each designated ClinoReactor™, and 1 spheroid 

was placed per well of a clear flat-bottomed 96-well plate containing 150 μl PBS. A DFK 

72AUCO2 USB 2.0 colour industrial camera (The Imaging Source, Bremen, Germany) 

linked to an inverted microscope (Nikon TS100/TS100F, Nikon instruments, Tokyo) and 

the Axio Vert A1 inverted transmitted light microscopy with AxioCam 305 mono fitted 

camera (195-043518) (Zeiss, Johannesburg, South Africa) was utilized to take 

photomicrographs of the spheroids. Following imaging, the PBS was removed, and 150 

μl of distilled water was added to each well, followed by 10 µl lysis buffer. The cells 

were pipetted to lyse all components of the spheroids, followed by the addition of a 40 

μl colour agent, making up the volume of 200 μl. From Day 10, three spheroids were 

sampled from each ClinoReactor™; protein samples had to be diluted 1:1 on days 10, 
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12, 14, and 16, and the samples thereafter were not diluted. The 96-well plate was then 

incubated at room temperature for 5 min. Absorbance was assessed on a SpectraMax™ 

Paradigm® plate reader (Molecular Devices Inc, Separations, Randburg, South Africa) at 

a wavelength of 595 nm.  

3.4.3.2 Intracellular adenosine triphosphate assay 

The generation of ATP was used to determine the viability of cells. According to the 

manufacturer's guidelines, the CellTiter-Glo® Luminescent Cell Viability Assay and 

ATP standard were utilized to measure the amount of ATP the cells generated, signifying 

their metabolic activity. Every 48 h, 3 spheroids were removed randomly from each of 

the relevant ClinoReator™ and transferred to a black clear-bottomed 96-well plate and 

imaged. The excess medium was removed from the wells using a pipette, adding a 100 

μl volume of PBS and 100 μl CellTiter-Glo luminescent lysis buffer. Gentle repetitive 

pipetting was used to facilitate the lysis of the spheroids in each well. The plate was 

covered with tin foil to shield it from light and placed onto a table shaker for 40 min at 

300 rpm. Using a SpectraMax® Paradigm® plate reader, luminescence was measured. 

The samples were expressed as an average ATP content (µM) per spheroid, normalized 

per µg soluble protein, and measured in relation to a known ATP standard. 

3.4.3.3 Planimetric determination 

A DFK 72AUCO2 USB 2.0 colour industrial camera (The Imaging Source, Bremen, 

Germany) linked to an inverted microscope (Nikon TS100/TS100F, Nikon instruments, 

Tokyo) and the Axio Vert A1 inverted transmitted light microscopy with AxioCam 305 

mono fitted camera (195-043518) (Zeiss, Johannesburg, South Africa) was utilized to 

capture the photomicrographs of the spheroids at the various time points were used for 

planimetric measurements as an indicator of spheroid growth. These photomicrographs 

were moved to the Image J software, which measured the surface area of each spheroid 

in μm2. 
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3.4.3.4 Extracellular adenylate kinase assay  

AK is a phosphotransferase enzyme that maintains cell energy. When AK is released 

from eukaryotic cells, it indicates cell death and toxicity. The ToxiLight™ BioAssay kit 

was used in a non-destructive assay, and healthy cells were not damaged daily to assess 

for AK release. After sampling, before media exchange, a 200 µl sample was withdrawn 

from the spheroid culture medium and centrifuged for 5 min at 140 x g. Then, 160 µl of 

the supernatant was withdrawn and transferred into a new microcentrifuge tube and 

centrifuged at 15 000 x g for 15 min. Of the supernatant, 140 µl was transferred to new 

tubes, snap-frozen using liquid nitrogen, and kept at -80℃ until use. The samples were 

defrosted, and 20 µl samples were placed in a black 96-well plate in triplicate. A standard 

curve prepared from a known concentration of dead MDA- MB 231 cells was included 

in triplicate, where each sample contained 20 µl. AK detection reagent (100 µl) was 

added to each well containing the experimental and standard curve samples. Gentle 

pipetting ensured that the reagent and the medium were adequately mixed. The plate was 

then covered and incubated for 20 min on a shaker at room temperature. The 

luminescence was measured on a SpectraMax® Paradigm plate reader in the same manner 

as explained for the ATP assay. The number of dead cells per mL of media was obtained 

by quantifying AK in relation to a recognized dead cell standard. As the volume per 

ClinoReactor™ was 10 mL, the AK was multiplied by 10 and then normalized to the 

soluble protein content. 

3.4.3.5 Approximate glucose consumption assay 

20 µl of the spent cell culture medium was removed from the designated ClinoReators™ 

and transferred into a microcentrifuge tube before medium exchange. A OneTouch™ 

Vita glucose monitor and corresponding test strips (LifeScan Europe, Zug, Switzerland) 

were used to measure the glucose quantity in the medium. To determine the triplicate 

glucose concentrations (mmol/L), the spent medium was placed onto the test strips (10 

µl). The fresh medium's glucose concentration was also tested in triplicate before being 

added to the ClinoReactor™. The result was 21.23 mmol/L, the highest starting glucose 

content in a ClinoReactor™. To calculate the approximate amount of glucose consumed, 
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the glucose content of the fresh medium was subtracted from the glucose content of the 

spent medium. To ensure reproducibility, this was divided by the total soluble protein 

present in each ClinoReactor™ to calculate the approximate glucose consumption per 

protein (µg) in triplicate. This assay indicates approximate glucose consumption and, 

thus, metabolic activity of the spheroids. As the cells die, less glucose is consumed from 

the growth medium. 

 

3.5 Qualification of the three-dimensional cisplatin-resistant MDA-MB-231 spheroid 

model  

The response of the cisplatin-resistant MDA-MB-231 spheroids to treatment was 

assessed using two common chemotherapeutic agents: doxorubicin hydrochloride 

(Sigma-Aldrich) and cisplatin (Sigma-Aldrich). The ClinoReactors™ setup and upkeep 

followed a similar protocol to that of characterization. On day 6 of spheroid culturing, 

180 spheroids were placed into each ClinoReactor™ and maintained. On day 10 of 

culture, spheroids were sorted again, and 100 spheroids were sorted and inserted into 

each ClinoReactor™ (two ClinoReactors™ per treatment group) in order to prepare them 

for treatment. On day 12 (0 h), treatment was initiated for 96 h, with sampling every 24 

h. Every 24 hours following sampling, the drug-containing medium with 20% FBS was 

changed, and the daily drug dosage was modified based on the residual estimated 

spheroid biomass per ClinoReactor™. Sampled spheroids were observed at 0 h and at 

each time point post-treatment to observe any changes in structure and size relative to 

the untreated control group. Assays were performed as described in Section (3.4.3). 

 

3.5.1 Treatment calculation 

After sampling from each ClinoReactor™ daily, the spheroids' biomass obtained from 

the soluble protein content was calculated to estimate the daily dosages of the two 

chemotherapeutic medications. These dosages were then modified based on each 

chemotherapy dose. The soluble protein content (µg) per spheroid and the number of 
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spheroids left in each ClinoReactor™ each day were multiplied to determine the total 

protein content (µg) per bioreactor. Subsequently, the dosages of doxorubicin and 

cisplatin were adjusted. This ensured that the spheroids were consistently administered 

the same treatment dose during the experiment.  Doxorubicin stock treatment for the 

treatment experiment of the spheroids was prepared by dissolving 5 mg of doxorubicin 

compound in 0.5 mL of DMSO. This was stored as 30 µl in Eppendorf tubes. Cisplatin 

was prepared as described in section 3.3.1 

After sampling for each assay, the medium in the bioreactors was replaced with the 

medium containing the previous day's treatment. Following the measurement of each 

bioreactor's protein soluble content, a new treatment dose was calculated and prepared, 

and each bioreactor's medium was changed out for a new one containing the new 

treatment. The therapeutic dosages used for patients with TNBC served as the basis for 

the treatment dosages in this study, cisplatin (25 mg/m2), and doxorubicin (60mg/m2). In 

addition to the clinical doses, an IC50 dose of cisplatin was also used based on the MTT 

assay data of the 2D-resistant MDA-MB-231 cell culture. The treatment groups were 

categorized as untreated control, cisplatin clinical dose (4,435 x 10-6 µg cisplatin/µg 

protein), doxorubicin clinical dose (1,064 x 10-5 µg doxorubicin/µg protein) and cisplatin 

IC50 (8,06 x 10-2 µg cisplatin/µg protein).  

 

3.6 Statistical Analysis 

Through the use of GraphPad Prism's three-parameter logistic equation, the best-fit IC50 

values and corresponding 95% confidence intervals were obtained through non-linear 

regression analysis of sigmoid aldose-response curves (GraphPad Prism version 10.2.3 

for Windows, GraphPad Software, San Diego, California, USA, 

http://www.graphpad.com). One-way analysis of variance (ANOVA) was used to 

determine the P-values, which were then calculated using GraphPad. Dunnett's method 

was used for all pairwise multiple comparisons, and 0.05 (p<0.05) was chosen as the 

overall significant threshold.  
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3.7 Ethical consideration 

This research protocol was submitted and approved by the Environmental and Biosafety 

Research Ethics Committee (EBREC) at the University of the Free State (UFS-

ESD2023/0001/23), as well as the Research Ethics Committee (REC) at the North-West 

University. 
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 CHAPTER 4 – RESULTS 
 

4.1 Induction of cisplatin-resistance  

This study developed 2D cisplatin-resistant MDA-MB-231 cells by repeatedly exposing 

cancer cells to a chemotherapeutic drug. In culture, the cells were continuously passaged 

until they reached optimal growth. Following this, the MDA-MB-231 cells were cultured 

in a medium supplemented with cisplatin treatment (0.01-10 µM) for 48 h and another 

48 h of recovery (fresh culture media without treatment) for nine months to induce 

cisplatin resistance in the cells.  

The growth inhibitory effect of cisplatin on the 2D MDA-MB-231 wild-type 

(WT)/Parental cell cultures was first investigated (Figure 7A) using the MTT assay. 

Then, the MDA-MB-231 WT-dose response curve was used to determine the drug 

concentrations required to reduce the culture’s viability by 10% and 50% (IC10 and IC50) 

in the process of developing a cisplatin-resistant MDA-MB-231 cell population. After 

resistance induction, the IC50 of the cisplatin-resistant MDA-MB-231 cells was 

determined using the MTT assay (Figure 7B). The IC50 of the MDA-MB-231 

WT/Parental (8,06 µM) was compared to the IC50 of the cisplatin-resistant MDA-MB-

231 cells (26,73 µM) to determine the fold resistance.  

Fold resistance = IC50 of resistant cell /IC50 of WT cell line 

 = 26,73 µM/8,06 µM 

 = 3,32 

The inhibitory concentrations reveal that the IC50 of the cisplatin-resistant MDA-MB-

231 cells was three-fold higher than the IC50 value obtained for the WT/Parental MDA-

MB-231 cells.  
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Figure 7. Dose-response effect of cisplatin on the cellular viability of 2D WT and cisplatin-resistant 
MDA-MB-231 cells. (A) Dose-response curve of WT MDA-MB-231 and 50% inhibitory concentration 
of cisplatin (IC50=8.06 µM) after a 48 h treatment. (B) Dose-response curve of cisplatin-resistant MDA-
MB-231 cells and 50% inhibitory concentration of cisplatin (IC50=26.73 µM following a 48 h treatment. 
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4.2 Characterization of the cisplatin-resistant MDA-MB-231 spheroid model 

The cisplatin-resistant MDA-MB-231 spheroids were initiated as a single-cell 

suspension in the ClinoReactors™ on day 0. From day 6 until day 28, the planimetry, 

soluble protein content, intracellular ATP content, extracellular AK released, and 

approximate glucose intake were used to measure and analyze the spheroids' health and 

growth. 

 

Figure 8. The CelVivo™ ClinoStar™ System, with the ClinoReactors™, used for culturing spheroids 
in a growth medium. An internet-connected device controls the system's conditions, such as temperature 
range, carbon dioxide levels, and rotation speed. It visualizes the growing spheroids without opening 
the system and retrieving the ClinoReactors™ (Taken from the CelVivo™ website, 21 June 2024). 
 

4.2.1 Planimetric measurements 

The physical growth and shape of the cisplatin-resistant MDA-MB-231 spheroids are 

depicted in Figure 9 from day 6 until the end of the 28-day characterization period. Upon 

observation, the spheroids steadily maintained a specific size (20 000 µm2) and shape 

and seemed to become more compact from day 6 to day 20. After that, from day 24, the 

spheroids disintegrated, became fragile, and decreased in size at day 26. On days 12, 18, 

and 22 the spheroids were not captured, this was to minimize the period of time where 

they are placed on the surface as this proved to disturb the spheroids greatly. As a 
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measure of spheroid size and growth, the planar surface area of the cisplatin-MDA-MB-

231 spheroids was plotted as a function of time and is displayed in Figure 10 (A).  

 

 

Figure 9. Photomicrographs of the cisplatin-resistant MDA-MB-231 spheroids cultured in 
ClinoReactors™ as observed on (A) day 6, (B) day 8, (C) day 10, (D) day 14, (E) day 16, (F) day 20, 
(G) day 24, and (H) day 26 of culture (4x magnification; scale bars = 200 µm). 

 

4.2.2 Soluble protein content 

Each experimental ClinoReactor™ was filled with 180 spheroids on day 6, and every 

two days, the amount of soluble protein was determined. Figure 10 (B) displays each 

spheroid's soluble protein content as a function of time till day 28. The soluble protein 

content results demonstrated a decrease between days 6 and 10, possibly due to handling 

during the sorting of the spheroids or because the cells were still adapting to the new 3D 

environment. The protein content then recovered to day 12. The protein content remained 

stable from day 12 to day 22, suggesting consistent viability, although no significant 

growth was observed. After day 22, some fluctuation was noted till the end of 
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characterization. During these days, there were size variations as the spheroids lost 

integrity.  

4.2.3 Intracellular ATP content 

The intracellular ATP/protein content for cisplatin MDA-MB-231 spheroids, as seen in 

Figure 10 (C), was expressed in terms of protein content to account for both spheroid 

growth and population size (Gouws et al., 2021). From day 6 to day 12, there was some 

fluctuation in ATP per protein, after which the ATP per protein remained stable with 

small but consistent increases until day 22. This finding implied that the model was both 

metabolically stable and viable during this time. From day 24, the intracellular ATP per 

protein started to decrease and fluctuate, which could suggest a decrease in the viability 

of the spheroids (Kijanska and Kelm, 2016). 

4.2.4 Extracellular adenylate content 

Figure 10 (D) shows the extracellular AK per protein released from the cisplatin MDA-

MB-231 spheroids per protein, shown as a function of time. AK release per protein 

increased between days 6 and 12, possibly due to stress and damage to the cells caused 

by handling the spheroids on day 6. In addition, this could result from the cells adapting 

from a 2D to a 3D environment. AK release then decreased to 14 and remained relatively 

stable until day 28, with minor changes. These results correlated with the stable 

ATP/protein values in the same period, suggesting the model was stable and viable with 

no significant cell death in this period.  

4.2.5 Approximate glucose consumption 

This parameter indicates cellular metabolic activity during spheroid growth (Gouws et 

al., 2021). An average of 21.4 mmol/L of glucose was found in the fresh growth media 

(n = 3). The overall approximate glucose intake per ClinoReactor™ was calculated by 

deducting the glucose content of the spent medium from the average glucose content of 

the fresh culture medium. As shown in Figure 10 (E), the glucose consumption per 

protein was calculated by normalizing it to the total protein content in each 

ClinoReactor™ by multiplying the number of spheroids by the protein content per 
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spheroid. This allowed for the presence of biomass to be compensated for. Each 

ClinoReactor™ received a new supply of growth medium on day 6 after the spheroids 

were sorted.  

The glucose consumption per protein sharply increased until day 10 but decreased again 

towards day 12. From day 12 to day 28, the glucose consumption per protein remained 

relatively stable but still higher than day 6. The results show that throughout the 28 days 

of characterization, the spheroids were metabolically active, but the model did not 

consume large amounts of glucose. This correlates with slow growth and limited ATP 

production.  
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Figure 10. Characterization of the cisplatin-MDA-MB-231 spheroid model as a function of time in 
terms of (A) average planar surface area per spheroid (µm2), (B) soluble protein content per spheroid 
(µg), (C) intracellular adenosine triphosphate content per soluble protein content per spheroid (µg), (C) 
intracellular adenosine triphosphate content per soluble protein (µM/µg), (D) extracellular adenylate 
kinase release per µg protein and (e) approximate glucose consumption (mmol/L) per µg protein. Error 
bars = standard deviation 
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4.3 Qualification of the cisplatin-resistant MDA-MB-231 spheroid model reactivity to 

chemotherapeutic treatment 
 

The cisplatin-resistant MDA-MB-231 spheroid model's reactivity to conventional 

chemotherapeutic treatments needed to be assessed in order for it to be deemed 

appropriate for anticancer therapy activity screening. Two common drugs, cisplatin and 

doxorubicin, were used as model drugs. These treatments were administered to the 

spheroid groups at the clinical doses for doxorubicin and cisplatin (60 mg/m2 and 25 

mg/m2) used to treat TNBC patients, and a 2D IC50 dose (10.90 µM) for cisplatin for 96 

h. Every data point was standardized in relation to the untreated control group. The 

treatment evaluation was conducted using the same spheroid initiation and maintenance 

protocols that were utilized to define the model. 

 

4.3.1 Cisplatin clinical dose treatment 

Soluble protein content: Measurements were made of each spheroid's soluble protein 

content during the 96-h treatment period with a cisplatin clinical dose (4.435 x 10-6 µg 

cisplatin/µg protein), as seen in Figure 11 (A). It was observed that the soluble protein 

content (µg) of the cisplatin clinical dose-treated spheroids decreased relative to the 

untreated control group in the first 24 h (0.39±0.3 µg), followed by a significant increase 

(p=0.0099) in protein content after 48 h (1.81±0.4 µg). It has been reported that cells can 

produce high amounts of protein in response to a toxic environment or chemical stimulus 

to regulate the tumour environment for adaptation and survival (Tilsed et al., 2022). 

Following this increase in protein, there was a notable reduction at 72 h (0.22±0.3 µg) 

and a further significant decrease (p<0.0001) at 96 h (0,19 µg) relative to the untreated 

control group.  

 

Intracellular ATP/protein content: referring to Figure 11 (B), after an initial slight 

increase, at 48 h (0.38±0.3 µM/µg), a significant decrease (p=0.0004) was observed in 

the intracellular ATP/protein results. This was followed by a constant linear increase to 

72 h (2.34±0.6 µM/µg) and 96 h (3.53±1.2 µM/µg), to elevated levels compared to the 

untreated group.  
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Approximate glucose consumption: the estimated quantities of glucose consumed by 

cells in each treatment group (mmol/L) were corrected to the amount of protein in the 

ClinoReactors™. The data was normalized to the untreated control group's approximate 

glucose consumed per µg protein. Following exposure, the cisplatin clinical dose-treated 

group showed normalized glucose consumption (1.12 mmol/L), similar to what was 

observed in the untreated control group after 24 h (1 mmol/L). A decrease in glucose 

consumed per µg protein was evident after 48 h of treatment (0.17 mmol/L), followed by 

a constant linear increase similar to that of the ATP/Prot levels in Figure 12 (B), with 

1.72 mmol/L after 96 h of exposure.  

 

Extracellular adenylate kinase content: the AK/protein released for the cisplatin clinical 

dose-treated group, as seen in Figure 11 (D), increased significantly (p=0.0006) after 24 

h of treatment (4.53±0.5 dead cells/µg prot), followed by a decrease while remaining 

elevated relative to the untreated control. Another significant increase (p<0.0001) was 

observed after 72 h (6.82±2.9 dead cells/µg prot). A further decline of cell death per 

protein was noted at 96 h (4.52±1.7 dead cells/µg prot), but it was still significantly 

higher (p<0.0001) compared to the untreated control.  

 

Planimetric measurement: the planimetry of the spheroids treated with the cisplatin 

clinical dose, as seen in Figure 11 (E), showed an initial increase in spheroid size during 

the first 24 h treatment. The spheroids then displayed a constant slow decrease in size 

throughout the 96 h treatment period, suggesting shrinkage or cell death, which correlates 

with the increased extracellular AK observed. However, the size did not decrease below 

that of the untreated control. 

 

Photomicrograph: Figure 11 (Fa & Fc) illustrates the visual decrease in spheroid size 

observed in the treated group relative to the untreated control group for 96 h. The 

spheroids appear to be somewhat compact after 96 h of treatment. 
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Figure 11. Evaluation of the cisplatin-resistant MDA-MB-231 spheroid model reactivity following 
cisplatin clinical dose treatment as a function of time, in terms of normalized (A) soluble protein 
content per spheroid (µg), (B) intracellular adenosine triphosphate content per soluble protein (µM/µg), 
(C) approximate glucose consumption (mmol/L) per µg protein, (D) extracellular adenylate kinase 
release per µg protein and (E) average planar surface area per spheroid (µm2). The blue line represents 
the normalized untreated control group, and the orange line represents the cisplatin clinical dose-treated 
group normalized relative to the untreated control. (N=6, error bars = standard deviation; *= statistically 
significant, p< 0.05; **= statistically significant, p<0.001; ***= statistically highly significant, 
p<0.0001). (F) Photomicrographs of the (a) cisplatin clinical dose treatment group at 0 h of treatment, 
(b) untreated control group at 0 h, (c) cisplatin clinical dose treatment group after 96 h of treatment, and 
(d) untreated control group after 96 h (4x magnification; scale bar = 200 µm). 
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4.3.2 Doxorubicin clinical dose treatment 

Soluble protein content: exposure to a doxorubicin clinical dose treatment (1,064 x 10-5 

µg dox/µg protein), for 96 h, as seen in Figure 12 (A), resulted in a decrease in protein 

content after 24 h (0.46±0.2 µg) when compared to the untreated control group. This was 

followed by a significant increase (p=0.0011) after 48 h of treatment (2.10±0.5 µg). This 

may suggest higher protein production levels in the spheroids as a reactivity to the 

doxorubicin treatment. After 72 h (0.54±0.2 µg) treatment, the protein levels decreased 

to below that of the untreated control, and by 96 h (0.22±0.3 µg) of treatment, it was 

significantly (p<0.0001) decreased.  

 

Intracellular ATP/protein content: The ATP/Prot levels, as seen in Figure 12 (B), 

decreased significantly (p<0.0001) after 48 h treatment to 0.14±0.4 µM/µg, followed by 

an increase to 1.12±0.06 µM/µg (72 h). There was a further significant rise (p=0.0003) 

to 3.45±1.4 µM/µg after 96 h exposure.  

 

Approximate glucose consumption: The glucose consumed, Fig 12 (C), slightly 

decreased to 0.76 mmol/L at 24 h; this trend continued to 48 h (0.17 mmol/L) compared 

to the untreated control group (1.00 mmol/L). However, after 72 h, the glucose consumed 

increased again (0.85 mmol/L) and peaked at 96 h (3.67 mmol/L), a significant increase 

(p<0.0001) relative to the untreated control group. 

 

Extracellular adenylate kinase content: the AK released per µg of protein, as seen in 

Figure 12 (D), indicated significant cell death after 24 h of treatment (3.63±1.3 dead 

cells/µg), and this continued to increase significantly with 2.76±0.8 dead cells/µg after 

48 h (p=0.0015), 6.25±2.6 dead cells/µg at 72 h (p<0.0001), followed by a slight decrease 

to 96 h (5.14±2.0 dead cell/µg). This was, however, still significantly (p<0.0001) 

elevated relative to the untreated control.   

 

Planimetric measurement: Considering the planimetry as seen in Figure 12 (E), a slight 

increase in the size of the spheroids was observed following 24 h of treatment (1,12 µm2), 

followed by a steady decrease in size throughout the treatment period, albeit not 
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significantly so. In light of the increase in AK, this decrease in size was probably a result 

of cell death.  

 

Photomicrogram: Figure 12 (Fa & Fc) illustrates the decrease in spheroid size observed 

as a result of treatment for 96 h when comparing them to the untreated control group for 

Figure 12 (Fb & Fd).  

 

Figure 12. Evaluation of the cisplatin-resistant MDA-MB-231 spheroid model reactivity following 
doxorubicin clinical dose treatment as a function of time, in terms of normalized (A) soluble protein 
content per spheroid (µg), (B) intracellular adenosine triphosphate content per soluble protein (µM/µg), 
(C) approximate glucose consumption (mmol/L) per µg protein (D) extracellular adenylate kinase 
release per µg protein, and (E) average planar surface area per spheroid (µm2). The blue line represents 
the normalized untreated control group, and the yellow line represents the doxorubicin clinical dose-
treated group normalized relative to the untreated control. (N=6, error bars = standard deviation; *= 
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statistically significant, p< 0.05; **= statistically significant, p<0.001; ***= statistically highly 
significant, p<0.0001). (F) Photomicrographs of the (a) doxorubicin clinical dose treatment group at 0 
h of treatment, (b) untreated control group at 0 h, (c) doxorubicin clinical dose treatment group after 96 
h of treatment, and (d) untreated control group after 96 h (4x magnification; scale bar = 200 µm). 
 

4.3.3 Cisplatin IC50 treatment  

Soluble protein content: The soluble protein content, Figure 13 (A), had decreased 

significantly (p<0.0259) after 24 h (0.28±0.3 µg) of treatment (8.06 x 10-2 µg cisplatin/µg 

protein), followed by a significant increase (p=0.0030) by 48 h (2.04±0.5 µg). At 72 h, 

treatment levels decreased to levels similar to those after 24 h (0.30±0.3 µg), followed 

by a continuous significant decrease (p<0,0001) to 96 h (0.09±0.4 µg). 

 

Intracellular ATP/protein content: An increase in the ATP/Prot levels were observed 

(Figure 13 (B)) following 24 h (2.21±0.6 µM/µg) of treatment, followed by a significant 

decrease (p=0.0002) of ATP/Prot production to 48 h (0.25±0.3 µM/µg). A linear increase 

in ATP/Prot levels followed, increasing above the untreated control group after 72 h 

(1.28±0.1 µM/µg) and at 96 h (2.51±0.7 µM/µg) of treatment. 

  

Approximate glucose consumption: The estimated quantity of glucose consumed (Figure 

13 (C)) increased significantly (p=0.0034) after 24 h (4.69 mmol/L) of treatment as the 

soluble protein values decreased compared to the untreated control group. This possibly 

indicates that the spheroids consumed more glucose to produce the energy required to 

overcome the effect of the treatment (Gouws et al., 2021). However, a decrease was 

observed after 48 h (0.04 mmol/L) relative to the untreated control. At 72 h (0.64 

mmol/L) and 96 h (1.77 mmol/L), glucose levels increased linearly to levels slightly 

greater than the untreated control group, as though cells had recovered from the effects 

of the cisplatin IC50 treatment. 

 

Extracellular adenylate kinase content: When considering cell death, Figure 13 (D), a 

significant increase (p<0.0001) relative to the untreated control was observed after 24 h 

(8.57±3.7 dead cell/µg) of treatment. This was followed by a decrease in AK released 

between 48 h (4.12±1.5 dead cell/µg) and 96 h (2.86±0.9 dead cell/µg) of treatment; 
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however, levels remained significantly greater (p<0.0001) compared to the untreated 

control group.  

 

Planimetric measurements: According to the planimetric measurements, the spheroid 

size remained stable for the first 48 h of treatment, as indicated in Figure 13 (E), followed 

by a slight increase after 72 h of treatment; the spheroid size was then maintained until 

96 h.  

 

Photomicrogram: Figure 13 (F) shows that the treatment did not have a significant effect 

on the size and shape of the spheroids, although the spheroid integrity and shape appeared 

slightly less defined and compact. 
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Figure 13. Evaluation of the cisplatin-resistant MDA-MB-231 spheroid model reactivity following 
cisplatin IC50 treatment as a function of time in terms of normalized (A) soluble protein content per 
spheroid (µg), (B) intracellular adenosine triphosphate content per spheroid (µg), (C) approximate 
glucose consumption (mmol/L) per µg protein (D) extracellular adenylate kinase release per µg protein, 
and (E) average planar surface area per spheroid (µm2). The blue line represents the normalized 
untreated control group, and the green line represents the cisplatin IC50 dose-treated group. (N=6, error 
bars = standard deviation; *= statistically significant, p< 0.05; **= statistically significant, p<0.001; 
***= statistically highly significant, p<0.0001), (F) Photomicrographs of the (a) cisplatin IC50 treatment 
group at 0 h of treatment, (b) untreated control group at 0 h, (c) cisplatin IC50 treatment group after 96 
h of treatment, and (d) untreated control group at 96 h (4x magnification; scale bar = 200 µm). 
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CHAPTER 5 – DISCUSSION 
 

Traditional 2D cell culture models have been used extensively to assess cytotoxicity and 

are frequently employed in cancer research. However, this method fails to adequately 

replicate the in vivo system where the interaction between components of the TME, such 

as the extracellular environment, can significantly influence the drug response (Nowacka 

et al., 2022). Therefore, this study aimed to develop a novel cisplatin-resistant MDA-

MB-231 spheroid model and evaluate the reactivity of the model to chemotherapeutic 

agents commonly used in treating TNBC. The model was developed using a scaffold-

free CelVivo™ ClinoStar™ system that allows for the self-aggregation of single cells 

forming spheroids that closely represent in vivo solid tumours to address the 

shortcomings of conventional culture models.  

Parameters such as intracellular ATP production, extracellular AK release, and 

approximate glucose consumption were employed to characterize the activity, growth, 

and viability of the cisplatin-resistant MBA-MB-231 spheroid model. During the 

experiment, these parameters were corrected per microgram of protein in each bioreactor 

to account for the alterations in the biomass, as spheroids both grew and were removed 

every sampling day. Due to the close relationship between intracellular ATP production 

and extracellular AK release, these two parameters are crucial in evaluating the health 

and growth of spheroids. ATP, the energy source of cells, is produced from metabolic 

reactions like glycolysis in the cytosol and oxidative phosphorylation in the 

mitochondria; levels of this compound enable us to measure cell viability, including 

growth, using bioluminescence (Ahmann et al., 1987). However, since the AK enzyme 

gets released into the extracellular region upon cell death, the extracellular AK assay aids 

in monitoring cellular health (Jacobs et al., 2013). Cancer cells undergo cell death by two 

processes. Apoptosis is energy-dependent programmed cell death by damaging DNA 

resulting from detected abnormal cells (Pfeffer and Singh, 2018). In necrosis, 

spontaneous cell death is mediated by low blood flow to the tissues of the cells and 
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exposure to toxic reagents that limit oxygenated blood to the rest of the cell, and is usually 

energy-independent (Liu and Jiao, 2019). 

To confirm the reliability and effectiveness of the cisplatin-resistant MDA-MB-231 

spheroid model for use during drug development and screening, the model's reactivity to 

treatment with two chemotherapeutic drugs (cisplatin and doxorubicin) was evaluated 

for a period of 96 h. During this period, treatment was replaced every 24 h while the same 

parameters employed for the model characterization were used to investigate the model's 

response to the relevant drugs. The treatment concentrations were selected as cisplatin 

(4.435 x 10-6µg cisplatin/µg protein) and doxorubicin (1.064 x 10-5µg dox/µg protein) 

clinical doses, derived from patient treatment doses for TNBC in clinical settings. 

Secondly, a cisplatin IC50 concentration (8.06 x 10-2 µg cisplatin/µg protein) determined 

from the MTT assay was included as an increased dose. 

 

Characterization of the cisplatin-resistant MDA-MB-231 spheroid model 

During the characterization of the model, the growth of the spheroids was evaluated 

through measurements such as spheroid surface area, soluble protein content, and 

visualization of the spheroids over time. The soluble content per spheroid as a function 

of time was evaluated for 28 days, and during this period, some fluctuation was observed 

(Figure 10 A) until day 14 in culture. This is normal and expected (van Niekerk et al., 

2023) due to the handling during the sorting process, as well as the adaptation of the 

spheroid to a new environment. The cells in the spheroids need to adapt from the 2D 

environment to the 3D environment. However, the protein content per spheroid remained 

relatively stable from day 14 to day 22, suggesting stable cell viability in the cells, 

although no significant growth or death of spheroids was reported at this time. Instability 

in the protein content was again observed from day 24. The planimetric measurements 

did show some decrease in spheroid size over time, but this was a slow decrease that 

stabilized between days 16 and 24 in culture. Since no significant cell death was observed 

at this time, and visually, the spheroids appeared to compact, the decrease in size was 

most probably due to compacting and not loss of viability. Spheroid size did decrease 

faster from day 24. The images in Figure 10 (F-G) echoed the results, showing that the 
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spheroids started becoming fragile and less compact, and decreased drastically in size as 

they broke apart. Upon observation of the model and as reflected by the 

photomicrographs (Figure 9), the cisplatin-resistant MDA-MB-231 spheroids had a 

specific morphology and manner of growth and proliferation echoed by the peripheral 

cell layers. Finger-like projections of cells growing outward resulted in a rough edge of 

the spheroids. In a previous study (Huang et al., 2020), photomicrographs of MDA-MB-

231 spheroids presented the same morphology and growth as the current spheroids. 

Previous studies suggest that EMT’s role significantly impacts the spheroids’ 

morphology with factors such as e-cadherin accumulation leading to inhibited formation 

of compact spheroids (Gunay et al., 2020). In this study we observed that spheroids 

reflected a loose morphology with no definite outline of the outer membrane that would 

instead enhance the spherical shape that is known to tumour cells. Commonly, TNBC is 

associated with the cellular program of EMT that confers drug resistance and metastasis 

(Huang et al., 2015). Thus, the resistance in the model in this study can be enhanced by 

the EMT properties exhibited by MDA-MB-231 cells.  

 

In terms of spheroid viability during the model characterization, the levels of the ATP 

and AK also demonstrated the instability during the first days of model adaptation, but 

then remained relatively stable from day 12 to 22. This suggested a period of metabolic 

equilibrium where limited cell death occurred and no rapid growth or metabolic changes. 

The constant glucose consumption in this time period also supports this conclusion, as 

seen in Figure 10 E. From day 24, the energy production and growth of the spheroids 

were less stable, and then on day 28, ATP production and spheroid size decreased 

notably. This reflects the loss of integrity and viability of the cells in this model at this 

time point.  

Following the characterization of the newly established cisplatin-resistant MDA-MB-

231 spheroid model, the period identified as the optimal experimental window where the 

model reached metabolic equilibrium was determined to be between days 12 and 22 of 

culture. This is the ideal time in which crucial cell viability-related investigations should 

be performed to ensure consistent results and data.  
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Qualification of the cisplatin-resistant MDA-MB-231 spheroid model reactivity to 

chemotherapeutic treatments 

To qualify the model's use for evaluation of potential treatments for drug resistant TNBC, 

the reactivity to chemotherapeutic drugs cisplatin and doxorubicin was evaluated at the 

doses mentioned above. The same spheroid growth and viability parameters used for 

characterizing the model were also investigated during the model qualification. This 

model was expected to react to the different treatment doses based on the cytotoxic 

effects of each model drug, the dose administered, and the spheroid models’ sensitivity 

or resistance to the drugs.  

 

Clinical cisplatin dose treatment  

The clinical cisplatin treatment (4.435 x 10-6 µg cisplatin/µg protein) calculated using the 

clinical setting dose per protein content) was administered daily to the spheroids, and 

their reactivity was analyzed for a period of 96 h relative to an untreated control group 

(Figure 11). The results revealed the following changes in terms of spheroid growth. 

Although the spheroid size initially increased slightly, this increase was not maintained. 

Similarly, the soluble protein content had a significant increase after 48 h treatment but 

continued to then decrease significantly until 96 h treatment. Visually, the spheroid size, 

structure, and compactness did not appear to be influenced by the treatment. 

Regarding model viability, both the ATP/prot and the extracellular AK levels followed 

the same pattern over time. Both initially increased relative to the untreated control, 

followed by a decrease at 48 h. However, both then increased relative to the untreated 

control group at 72 and 96 h. Specifically, the extracellular AK release indicated 

significant cell death at 24, 72, and 96 h, relative to the untreated control group. The 

estimated glucose consumed during this treatment relative to the untreated control also 

reflected the results seen for the ATP/Prot, whereby less glucose was consumed at 48 h, 

followed by increased glucose consumption at 72 and 96 h compared to the untreated 

control group. ATP production was maintained throughout the treatment period, 

suggesting the observed cell death was likely through apoptosis. 

Overall, the clinical cisplatin treatment results suggest that the cisplatin-resistant MDA-

MB-231 spheroids displayed reactivity to treatment with the substance it was purported 
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to be resistant against. This was evident from the significantly increased cell death 

observed relative to the untreated control. However, despite the increased AK release, 

the spheroids did not decrease significantly in size, did not lose structural integrity, and 

maintained metabolic activity. 

 

IC50 cisplatin dose treatment  

A higher dose cisplatin treatment (8,06 x 10-2 µg cisplatin/µg protein), based on the MTT 

assay, was administered to the established 3D model, and the reactivity was assessed 

(Figure 13).  

In terms of spheroid growth, the higher cisplatin concentration increased the spheroid 

size as observed in terms of the planimetric measurements as well as the visual 

observations. The spheroid structure and compactness also did not appear to be 

influenced by the treatment. The soluble protein content had a significant increase 

relative to the untreated control after 48 h treatment, but then decreased significantly by 

96 h treatment.  

In terms of model viability, ATP/prot levels were elevated compared to the untreated 

control at 24 h. Although a significant decrease was noted at 48 h, the ATP/prot levels 

continuously increased to 96 h where it was elevated relative to the untreated control. 

Approximate glucose consumed followed the same trend as the ATP/prot, but although 

it was significantly elevated compared to the untreated control after 24 h exposure, by 96 

h, the glucose consumption was only slightly increased relative to the untreated group. 

The AK release indicated continuous and significant cell death for the duration of the 

treatment, but was most pronounced after 24 h of treatment. ATP production was 

maintained, indicating that the observed cell death was most probably active and, 

therefore, apoptotic in nature. 

Overall, the IC50 cisplatin treatment results suggest that the cisplatin-resistant MDA-MB-

231 spheroids displayed reactivity to treatment with the higher concentration of the 

substance it was reported to be resistant against. This was concluded based on the 

significantly increased cell death observed relative to the untreated control. Once again, 

however, the spheroids did not lose structural integrity but maintained metabolic activity 

and slightly increased in size. 
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Clinical doxorubicin dose treatment  

The effects of the clinical dose doxorubicin treatment (1,064 x 10-5 µg dox/µg protein) 

on the cisplatin-resistant MDA-MB-231 spheroid model was investigated for cross-

reactivity. Based on the results (Figure 12), growth of the spheroids was impacted by the 

treatment as indicated by the decrease in planimetric measurements and visual 

observations. Although the soluble protein content was significantly elevated relative to 

the untreated control after 48 h exposure, it then decreased to levels significantly lower 

than the untreated control by 96 h treatment. 

Viability also appeared to have been impacted, as the ATP/prot level significantly 

decreased relative to the untreated control group after 48 h. Glucose consumption also 

decreased compared to that of the untreated control group in the first 48 h. However, both 

were significantly elevated relative to the untreated control after 96 h exposure. The AK 

release graph also showed a significant and continuous increase in cell death throughout 

the experimental period relative to the untreated control group. Although ATP was 

almost depleted after 48 h exposure, suggesting that the cell death observed at that time 

point could have been a result of necrosis, ATP production then increased significantly 

which would suggest that the cell death was then apoptotic in nature. 

These results suggest that the doxorubicin clinical dose treatment had the most significant 

effect on the viability of the spheroids. 

 

Conclusion 

Considering all the treatment groups and their effects on the established cisplatin-

resistant MDA-MB-231 spheroid model, it can be concluded that the model showed 

reactivity to all the treatments, albeit to different extents. 

Both cisplatin concentrations impacted the spheroids in terms of increased cell death, 

although the clinical dose showed continuously increased AK release while the higher 

dose had a higher initial measure of AK release which then continuously decreased 

during the treatment. Furthermore, the lower cisplatin concentration initially increased 

the spheroid size, but then the planimetric measurements returned to that of the untreated 

control. In contrast, the IC50 treatment had negligible impact on the spheroid size until 
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72 h exposure, whereafter, the spheroids then increased in size relative to the untreated 

control. Although viability appeared to have been impacted by both concentrations’ 

cisplatin, neither seemed to have significant effects on viability since ATP production 

and glucose consumption was only significantly affected at 24 or 48 h exposure. Visually, 

the spheroids maintained a compact structure with minimal breakage throughout the 

treatment period, suggesting that the spheroids exhibited solid cell-cell adhesions. 

The results suggest that the spheroids, in large part, were resistant to the cisplatin 

treatment despite the increased cell death observed. Furthermore, the model appeared to 

become even more resistant during exposure to the higher concentration of cisplatin as it 

experienced decreasing cell death and increased growth. This supports the use of the 

model for screening of treatments targeting resistant TNBC. 

The doxorubicin treatment resulted in very similar cell death patterns as observed 

following the cisplatin clinical dose treatment. However, ATP production and glucose 

consumption were affected more significantly. The doxorubicin treatment also reduced 

spheroid size, which was not observed following cisplatin treatment. Anthracyclines 

(doxorubicin) are known to target cell proliferation of cancer cells (Wahba and El-

Hadaad, 2015), supporting the relevance of the model developed for treatment screening. 
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CHAPTER 6 – CONCLUSION 
 
Currently, TNBC remains a complex topic for researchers as it still has a poor prognosis 

and is still the most unmanageable breast cancer subtype. TNBC research can be 

improved by better modeling the TME to understand better the complexities associated 

with this disease. Thus, transitioning to a more suitable preclinical model, such as 3D 

spheroids that more realistically recapitulate the in vivo situation, is necessary. 

This study aimed to develop a cisplatin-resistant MDA-MB-231 spheroid model using 

the CelVivo™ ClinoStar™ system, a clinostat-based rotating wall bioreactor 

methodology. Both a cisplatin-resistant MDA-MB-231 cell line and a 3D spheroid model 

were successfully developed, and the spheroid model was characterized in terms of 

growth and viability for 28 days. Furthermore, the model's reactivity and resilience were 

assessed by subjecting it to different doses of chemotherapeutic drugs (cisplatin and 

doxorubicin) for 96 h. 

The cisplatin-resistant MDA-MB-231 model was viable until at least 26 days in culture, 

and an optimal experimental window where the model was metabolically stable was 

identified to be between days 12 and 22 in culture. 

The results suggested moderate reactivity of the model to the clinical dose cisplatin 

(4,435 x 10-6 µg cisplatin/µg protein) treatment in terms of elevated cell death, but growth 

and viability did not appear significantly impacted. This supported the purported 

resistance of the model to cisplatin treatment. Furthermore, the cisplatin IC50 

concentration (8.06 x 10-2 µg cisplatin/µg protein) resulted in immediate reactivity of the 

model and a significant increase in cell death, but the model appeared to gain increased 

resistance as treatment continued. This was evident from the decreasing cell death and 

increased spheroid growth. 

The doxorubicin clinical dose (1.064 x 10-5µg dox/µg protein) treatment had the most 

pronounced effect on the model and resulted in decreased spheroid size. It was apparent 
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that the model was not as resistant to the doxorubicin treatment as it was to the cisplatin 

treatment. 

The response of TNBC MCF-7 cells to cisplatin in a perfused 3D model was compared 

with a standard 2D cell culture in a study conducted by Liu et al. (Liu et al., 2018). As 

per their findings, cells that were cultivated in 3D after forming spheroids exhibited 

greater resistance against cisplatin in comparison to cells that were cultured in 2D. 

Additionally, they observed higher amounts of reactive oxygen species, indicating a 

physiological shift and an environment similar to the TME in vivo. 

Imamura et al. looked into the use of 3D culture models to screen for drug activity in 

model drugs (Imamura et al., 2015). They found that the drug response of the breast 

cancer cell lines (BT-474, BT-549, and T-47D) was superior to that of 2D cultured cells 

when it came to replicating the crucial elements of the tumour microenvironment in vivo, 

including the 3D culture's resistance to the drug. Consistent with these results, spheroids 

cultivated in this investigation also exhibited a range of tumour characteristics in vivo, 

including decreased proliferation, as shown by a reduction in spheroid size and increased 

drug resistance to cisplatin's cytotoxic effects.  

A study by Ncube et al. demonstrated that the TNBC BT-20 spheroid model exhibited in 

vivo properties such as varying cell structures and intercellular solid connections, 

furthermore the model in this study showed increased resistance to doxorubicin when 

compared to traditional monolayer cultures, hence displaying a better potential in being 

utilised as an in vitro model that closely recapitulates the human physiological tumour 

environment to perform drug resistance research (Ncube et al., 2023).  

Fontoura and colleagues investigated cell growth, gene expression and drug resistance in 

different TNBC 2D and 3D cell line cultures. In their finding’s cells grown in 3D model 

were able to aggregate and form spheroids, and they noted increased cell-cell contact 

when comparing spheroid to 2D cells. Additionally, they reported cells grown in 3D 

models displayed increased resistance to dacarbazine, and cisplatin. These results suggest 

that 2D systems may produce insufficient and inaccurate information as they fail to 
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produce a close resemblance of the human physiological environment (Fontoura et al., 

2020).   

By using 3D cell culture models, we can bridge the gap between in vitro and in vivo drug 

screening for resistance to existing chemotherapeutic drugs. Thus, the model evaluated 

in this study was qualified to be fit for purpose and can be employed to screen potential 

treatments in terms of anticancer properties, drug delivery, and response in preclinical 

studies. The cisplatin-resistant MDA-MB-231 spheroid model can also be utilized as a 

model for screening drug-targeting resistance. 

To evaluate the model further, it would be advisable to treat the spheroids for 96 h, and 

then investigate recovery of the model following cessation, to gain a better understanding 

of the models’ resistance to cisplatin. Furthermore, it would be of interest to evaluate the 

expression of ABC transporters associated with resistance of cisplatin to confirm further 

the extent of resistance of the cisplatin-resistant MDA-MB-231 spheroid model.   

 

LIMITATIONS OF THE STUDY 
 

Limitations included the prolonged sorting periods required to ensure spheroid size 

consistency, involving disruptive handling that increased the risk of cell clumping and 

breakage. Addressing these challenges could enhance the model's utility and reliability 

in future research efforts. 
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