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Abstract 

Lung cancer, particularly non-small cell lung cancer (NSCLC), is a leading cause of cancer-

related deaths. Angiogenesis, the formation of new blood vessels, is essential for disease 

progression. The tumour microenvironment significantly influences angiogenesis in NSCLC. 

Despite challenges in accurately modelling lung anatomy, current in vitro 3D cell models 

can provide insights into NSCLC interactions and potential therapeutic targets. 3D cell 

model advancements such as heterotypic spheroids have led to more relevant models for 

tumour growth mechanism study. However, determining if spheroids are well-formed for 

consistent use in subsequent experiments or complex cell models such as lung-on-a-chip 

needs to be addressed.  

This study is aimed to develop a 3D spheroid model made of multiple cell lines as tools for 

investigating the angiogenic switch, which is known to trigger the rapid growth of 

malignant cells in association with new blood vessel formation. Tumour spheroids, self-

assembling structures composed of multiple cells, can replicate key tumour features 

compared to 2D cultures. The hypothesis behind the proposed multicellular 3D spheroids 

for the lung is that the spheroids can facilitate early expression of angiogenic markers in 

complex models and was evaluated by assessing spheroid morphology, viability, 

proliferation, hypoxia, and angiogenic marker expression. Viability assessment of 

homotypic and heterotypic spheroids showed stable ATP production, indicating sustained 

cell viability. 

Preselecting spheroids based on size and morphology, such as circularity and solidity, 

minimises variability in experimental outcomes. This study highlights that larger spheroids 

(≥ 400 µm) with uniform morphology are critical for replicating hypoxic conditions in NSCLC 

models. Co-culturing A549 spheroids with MRC-5 fibroblasts enhances ECM formation and 

spheroid aggregation, improving the physiological relevance of these 3D models. 

Immunofluorescence staining and western blot analysis preliminary confirmed increased 

HIF-1α expression. It demonstrates spheroid size correlates with hypoxia and supports the 

use of this model for studying tumour microenvironments. 

In conclusion, my work demonstrates that by precisely controlling the cell seeding 

parameters (cell types, densities and ratios), it is possible to fabricate highly reproducible 

tumour spheroid models that mimic key aspects of the tumour. 
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Graphical Abstract  

A graphical abstract for my project. The schematic shows a top-down approach on how the 
optimisation of the preselection methodology for homotypic and heterotypic spheroids for 
the in vitro investigation of angiogenesis in lung cancer is constructed. After the homotypic 
and heterotypic spheroids are put together and imaged under different conditions the use 
of AnaSP software assists in the selection and exclusion of homotypic and heterotypic 
spheroids that are irregular in shape (circularity of less than 0.8) and are more than 400 
µm. Spheroids that met the criteria were then assessed for CAF activation and localisation, 
EC localisation and the expression of hypoxic and angiogenic markers. This should be the 
first steps in the process of developing more complex models like microfluidic devices that 
can be used to research angiogenesis in NSCLC. 
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Lay Abstract 

Lung cancer, particularly non-small cell lung cancer (NSCLC), is a leading cause of cancer-

related deaths. Angiogenesis—the formation of new blood vessels—is crucial for its 

progression. This study aims to develop three-dimensional (3D) spheroid models made 

from various cell types to investigate how new blood vessel formation begins, known as 

the "angiogenic switch." By creating these models, we can better simulate the tumour 

environment compared to traditional two-dimensional cultures. This research highlights 

the importance of larger, well-formed spheroids in replicating the conditions of lung 

cancer. 

Results showed that combining lung cancer cells with normal fibroblast cells enhances the 

relevance of these models, making them more similar to actual tumours. Larger spheroids 

displayed characteristics associated with low oxygen levels, which are common in cancer, 

indicating that they effectively mimic tumour conditions. Using techniques like 

immunofluorescence staining, it was confirmed that spheroid size correlates with key 

hypoxia-related markers. This work shows that precise control over cell arrangements can 

lead to reliable 3D cell models for studying lung cancer and testing new treatments.  
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1. Introduction 

Between 2019 and 2021, the National Cancer Registry of Ireland determined that the 

average annual cancer incidence was 41,767 cases [1]. Among males, lung cancer was 

ranked as the third most frequently diagnosed type of cancer; while among females, it was 

the second most common [1]. Furthermore, lung cancer contributed to 21% of male and 

19% of female deaths related to cancer during the same period [1]. Lung cancer can be 

classified into two main types: small-cell lung cancer and non-small-cell lung cancer (NSCLC) 

[2]. NSCLC is the more common type, accounting for 82% of all cases [2-4]. Adenocarcinoma 

is the most common subtype, accounting for 40% of NSCLC cases, whilst squamous cell 

carcinoma accounts for 30% and large cell carcinoma accounts for 10-15% [5].  

Angiogenesis significantly impacts tumour growth and progression in NSCLC [5]. 

Angiogenesis, the development of new blood vessels from pre-existing ones, is widely 

recognised as a crucial factor in tumour progression and metastasis [6]. Lung 

adenocarcinoma is particularly associated with increased angiogenesis in NSCLC [7]. 

Despite the significant efforts made to progress the understanding of tumour growth 

mechanisms, the interaction between tumours and vasculature is much less understood. 

There is a strong need for tools that enable research into tumour-vasculature mechanisms 

to support the development of new treatments [8]. 2D cell cultures are traditionally used 

for in vitro drug discovery and screening, but they are not the most effective method for 

investigating the influence of mechanical, biomedical, and tumour microenvironment 

factors.  

1.1. The tumour microenvironment in non-small cell lung cancer.  

Lung adenocarcinomas account for 50% of all NSCLCs and displays extensive cellular and 

mutational heterogeneity that spans across the tumour microenvironment (TME) of lung 

adenocarcinomas. The TME of lung adenocarcinomas plays a critical role in tumour 

development. Different microenvironments are observed in the proximal and distal lung, 

especially regarding the composition of the formed extracellular matrix (ECM). As with 

most tumours, lung adenocarcinomas have the capacity to recruit stromal cells that then 

aid in ECM formation. One stromal cell type that has a significant role in tumour 

progression in NSCLCs are fibroblasts [9]. Stromal cells, including fibroblasts, that infiltrate 
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the TME are often reprogrammed by the hypoxic conditions of the TME mediated by HIF-

1α. 

 Fibroblasts are activated into cancer associated fibroblasts (CAFs) in response to hypoxia 

through Hypoxia-inducible factor 1α (HIF-1α). Some studies have demonstrated the 

importance of HIF-1α on fibroblast activation by inducing HIF-1α expression in mouse 

embryonic fibroblasts (MEF) with and without HIF-1 knock outs [10]. Results indicated that 

HIF-1α knock out fibroblasts exhibited no response to hypoxia and had no change in the 

expression of CAF markers [10]. CAFs recruited into the TME develop the ability to produce 

ECM proteins, growth factors and cytokines. This allows the various components of the 

TME to respond and regulate each other to construct the scaffolding that forms the tumour 

ECM. The modified ECM displays a phenotype which aids tumour progression, fibronectin 

and collagen offer physical support and stiffness whilst proteoglycans bind growth factors 

and cytokines [11]. Additionally, fibronectin has been shown to play a key role in 

angiogenesis, showing the importance of Lung CAFs are capable of mediating several 

process in tumour progression including proliferation, metastasis, drug resistance and 

angiogenesis through several different pathways and signalling cascades [9, 11]. Research 

indicates that CAFs from NSCLCs show increased glycolytic metabolism and autophagy, 

however, the significance of this remains unclear. Furthermore, CAFs isolated from NSCLCs 

express the programmed cell death protein 1 (PD1) receptor that in turn suppresses T cell 

functions [9].  

In addition to CAFs, the TME of NSCLCs show enhanced ECM-mediated signalling that 

promotes tumour growth. Furthermore, lung adenocarcinomas have been shown to have 

a loss of function mutation in the tumour suppress gene LKB1. This loss of function has 

been associated with the upregulation of specific ECM proteins such as lysyl oxidase which 

can then facilitate the crosslinking of collagen with β1 integrin. However, most of what is 

understood about the TME in NSCLC has been established through mouse models, limiting 

the applicability to humans and as a result the mechanistic functions of angiogenesis and 

ECM formation in lung tumours is still not fully understood. In addition to ECM formation, 

CAFs can mediate angiogenesis by stimulating the upregulation of VEGF in tumourigenic 

cells through paracrine signalling, further promoting angiogenesis [12]. Understanding the 

impact of the TME on tumour angiogenesis in NSCLC is crucial for developing effective 

therapeutic strategies that can target tumour cells and angiogenesis [9].  
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1.2. 3D Cell Models 

In vitro modelling has provided researchers with a valuable tool to mimic the cellular and 

molecular interactions involved in tumour angiogenesis. Through the use of in vitro 

systems, researchers have been able to explore the molecular mechanisms underlying 

angiogenesis and the surrounding tumour microenvironment (TME), assess the effects of 

several factors, including growth factors and inhibitors, on tumour angiogenesis, and 

evaluate the efficacy of potential therapeutics [13-16]. Furthermore, in vitro models 

provide a cost-effective and time-efficient approach, reducing the need for animal models 

and allowing for high-throughput screening of drugs and compounds. With the 

advancements in the making of in vitro three-dimensional (3D) cell models (from here 

onwards referred to as 3D models) and their assembling techniques, it is possible to gain 

even better insights into the cellular and molecular processes that drive tumour 

angiogenesis in NSCLC [14, 17]. 

It is widely accepted that human cells cultured in 2D models display abnormal behaviours 

including flattened morphology, altered polarisation, loss of differentiated phenotype and 

skewed pharmaceutical response [18, 19]. Furthermore, tumour progression is heavily 

influenced by the spatial structure and 3D organisation of the TME, with signalling cascades 

by tumour-associated cells influencing the rate of progression. 2D cultures often lack the 

ability to mimic these interactions and therefore respond to pharmaceutical agents 

differently than patients would [18-21]. These limitations can be overcome by employing 

human-specific 3D preclinical cellular models. 3D models can provide a more accurate 

representation of the interactions between tumour cells, endothelial cells (ECs) and other 

components of the microenvironment [18, 20, 23]. Moreover, as compared to in vivo 

studies, these models allow for the study of angiogenesis in a more controlled 

environment, providing researchers with the means to manipulate specific factors and 

assess their impact on tumour growth and angiogenesis [22].  

Bazou et al have shown that developing 3D models that offer vasculature, tumourigenic 

tissues derived from both mice and patient explants could be cultured long-term. This 

offers the opportunity to develop patient-specific treatments [23]. This further shows how 

fundamentally important it is to develop models that incorporate angiogenesis and 

vasculature. As the technology used to form these models improves, the complexity of the 
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models can increase which further allows the models to more accurately mimic human 

tumour angiogenesis within the lungs. By developing novel models such as microfluidic 

systems seeded with heterotypic spheroids and organoids, researchers can further 

investigate the mechanisms of lung tumour angiogenesis, whilst also optimising anti-

angiogenic therapeutic strategies that target the tumour vasculature. Bazou et al have 

shown this by developing a PDMS microfluidic device capable of showing angiogenic 

sprouting of HUVEC cells which can then be exposed to shear stress [24]. This highlights 

the benefits of using 3D models to investigate angiogenesis as physiological factors such as 

shear stress can be incorporated. Furthermore, scaffold based models which are capable 

of incorporating hydrogels to mimic the ECM are being developed. Hydrogels are a gel-like 

matrix that can mimic the ECM that surrounds and supports tissues. The development of 

sophisticated hydrogels has ultimately allowed the advancement of models that are more 

physiologically relevant, mimicking the growth dynamics seen in vivo. Hydrogels provide 

researchers with a versatile matrix that are capable of being customised [18]. Hydrogel 

scaffolds can be both non-synthetic or synthetic, with synthetic scaffolds often providing a 

more controlled and user defined matrix [18, 25, 26].  

Synthetic hydrogel scaffolds using polyethylene-glycol (PEG) have been used to mimic the 

ECM for angiogenesis studies with promising results, replicating the basic physiological 

properties of the ECM without contribution biochemically [18, 25, 26]. Furthermore, PEG 

allows for more user defined designs including crosslinking chemistry and ligand 

presentation to cells [18, 25]. Although collagen I or fibrin non-synthetic hydrogel scaffolds 

have been used in angiogenesis investigations, batch to batch variability and unknown 

compositions limits their application [18]. However, research using synthetic hydrogels 

with RGD motifs have shown that NSCLC cell lines are capable of being incorporated into 

tumour angiogenesis models [27]. This research showed that some NSCLC cell lines when 

grouped by genetic mutations take longer to inhibit growth and secrete the lowest amount 

of VEGF and FGF-2. This is indicative of a less aggressive tumour that grows slower and is 

not angiogenic 

1.2.1. Tumour spheroids as a basic 3D model 

Spheroids are one of the basic methods used to reproduce some of the phenotypes of 

functional tumours and are self-assembling aggregated structures that can be composed 

of multiple cell types which are capable of resembling the architecture and biological 
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characteristics of solid tumours [16]. Spheroids have emerged as a promising tool for 

investigating cellular behaviour, cell-cell interactions and to screen for drug delivery 

platforms [28]. They have been used extensively as tools to investigate fundamental 

biological research questions in cancer research as well as drug screening [29]. The earliest 

publication of an in vitro 3D model of the lungs dates back to 1961, where the hanging drop 

technique was used to create spheroids of lung cells [30]. Spheroids can exhibit typical 

features and key hallmarks of tumours including sustained proliferative signalling better 

than that of 2D cultures [31, 32]. These simple cell aggregates are capable of replicating the 

in vivo features such as hypoxia and reduced response to therapeutics [32, 33]. 

Additionally, heterotypic spheroids have been used to investigate the tumour-stromal cell 

interactions as they enable gradient formation, complex cell-to-cell interactions and cell-

extracellular matrix (ECM) adhesions [16, 33, 34]. With increasing complexity by 

incorporating 2 or more cell lines, heterotypic spheroids have further assisted the 

understanding of tumour-stroma interaction, therapy resistance and mechanistic functions 

[33, 34]. For example, heterotypic spheroids of tumour cells with fibroblasts have 

demonstrated more in vivo-like architecture and gene expression and exhibit enhanced 

angiogenic potential compared to homotypic spheroids [16]. Amann et al indicated that 3D 

models of NSCLC that incorporate the co-cultures of tumour cells and cancer-associated 

fibroblasts (CAFs) can promote angiogenesis, effectively mimicking the TME of NSCLC and 

angiogenesis when combined with ECs [35].  

The use of spheroids in angiogenesis research was first introduced in 1998, where ECs were 

cultured into spheroids to better imitate in vivo TME to research the response of ECs [36]. 

ECs were seeded with medium containing 20% methocel (water-soluble cellulose ethers) 

into non-adherent culture dishes, spheroids were spontaneously formed after 4 h. 

Methocel prevents cell attachment, forcing cells to aggregate. This research showed that 

ECs spontaneously organise into 2 compartments, an inner core of unorganised cells that 

overtime recedes due to apoptosis and an outer layer of differentiated, quiescent and 

elongated cells [36]. Quiescent cells in the outer layer were shown to be sensitive to 

angiogenic stimulation, similar to that seen with in vivo ECs in blood vessels. Furthermore, 

the inner core could be kept viable when treated with vascular endothelial growth factor 

(VEGF) and fibroblast growth factor-2 (FGF-2). This research showed that in addition to 

better mimicry of in vivo conditions, EC spheroids treated with VEGF maintained the 
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expression of CD34. CD34 is a surface molecule expressed by most in vivo ECs, 

predominantly in larger blood vessels such as arteries and veins [37]. The expression of 

CD34 on ECs is largely associated with proliferation as a differentiation antigen which is 

often downregulated when ECs are transferred to in vitro cultures [36, 37]. Therefore, ECs 

that are CD34 positive have a greater capacity to proliferate. Furthermore, ECs transferred 

to in vitro cultures which are CD34 positive have been shown to exhibit more characteristics 

that are in line with EC tip cells, indicating the importance of CD34 expression in 

angiogenesis [37, 38].  

One of the key aspects taken into consideration when assessing the quality of spheroids is 

morphology. The morphology of spheroids, specifically their shape and size can have a 

crucial influence on the response of spheroids to therapeutic treatments. It has been 

suggested that variability in these parameters may contribute significantly to inconsistent 

and unreliable experimental outcomes [13, 15, 39, 40]. However, 3D models that 

incorporate tumour spheroids rarely instil a preselection method. Consequently, these 

studies do not account for the variation in their morphology which can significantly impact 

their internal features. [15, 39, 41]. Establishing the parameters of homogeneous shape 

and size is challenging, especially with heterotypic spheroids as the interactions between 

cell lines could affect spheroid morphology. Therefore, establishing a set of consistent 

parameters is a fundamental aspect of developing a novel model that uses spheroids. This 

enhances reproducibility and reliability in the 3D model used. It is therefore important for 

spheroids to undergo a screening process using a systemic approach, such as a pre-

screening method which considers consistent parameters like circularity, to address their 

variability. This is necessary if the scientific community wants to increase the biological 

relevance of data obtained from these models [15]. Thus, establishing a set of consistent 

parameters will allow the user to select spheroids, which meet certain criteria, before 

advancing to more sophisticated experiments or models. Zanoni et al have suggested that 

volume and shape, including circularity, are parameters that can be rapidly assessed 

through the use of software like Analysis of Spheroids (AnaSP) to preselect spheroids to 

maintain homogeneity amongst the spheroids used in subsequent assays (figure 1.1) [15].  
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Figure 1.1: The flow-chart of the image-based approach proposed by Zanoni et al. Image 
extracted from (Zanoni, et al., 2016). [15]. 

Additionally, Lee et al show that compactness and diameter can be assessed using AnaSP 

to select spheroids that were more likely to have developed a necrotic core [42]. The use 

of specific parameters is therefore dependent on the requirements of the user, for 

example, if the requirements are that spheroids have a necrotic core, compactness can be 

used, or if homogenous spheroids are the aim, circularity can be used. whilst circularity, 

solidity and diameter are key morphology characteristics which can be used as a 

preselection method, spheroids also have several other key characteristics. These 

characteristics include proliferative capacity, gene expression, and response to treatments. 

The proliferative capacity and growth kinetics of spheroids are a key characteristic. the cell 

heterogeneity of spheroids results in differences in growth kinetics, where the outer layers 

proliferate at a faster rate compared to the inner core regions. This is a significant feature 

of spheroids which aid in their mimicry of in vivo tumours [43, 44]. Furthermore, gene 

expression profiles of spheroids are often altered compared to 2D cultures, where 

spheroids demonstrate upregulation of genes related to hypoxia, angiogenesis and 

invasiveness [45, 46]. These expression profiles are more reflective of the in vivo TME 

compared to 2D cultures and thus are more suitable for investigating tumour-stromal 

interactions involved in angiogenesis. Additionally, the expression of ECM proteins within 

spheroids further contributes to their physiologically relevant response to treatments, 

including anti-angiogenic agents [9, 45-47]. 

Spheroids grown with NSCLC cells such as A549 cells, a Human Lung Adenocarcinoma cell 

line, and lung fibroblasts such as MRC-5 cells have the potential to upregulate angiogenic 
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factors such as vascular endothelial growth factor–A (VEGF-A) in response to hypoxia [48, 

49]. In addition, MRC-5 cells interacting with A549 cells could become activated into CAFs 

[10, 12, 50, 51]. Therefore, incorporating both cell lines into a spheroid model may more 

accurately represent the in vivo conditions of early onset NSCLC and its angiogenic 

potential. Furthermore, HUVECs, an EC cell line, can be co-cultured with A549 and MRC-5 

cells to investigate the interaction between the 3 cell lines and provide some insight into 

their interactions in vivo. As spheroids are often being incorporated into more complex 

culture systems, understanding these interactions and the angiogenic potential of tri-

cultured heterotypic spheroids, more complex models to investigate angiogenesis in NSCLC 

can and should be developed.  

1.2.2. Tumour Angiogenesis 

Mammalian cells are typically 100 to 200 µm from blood vessels to be within oxygen 

diffusion distances [52]. Solid tumours begin as a small cluster of mutated cells that can 

only proliferate until they reach a distance of 100 to 200 μm from a blood supply, at which 

point an independent blood supply becomes necessary to sustain further growth. [52-54]. 

As tumours proliferate, the inner core becomes hypoxic and necrotic (figure 1.2A). This tips 

the balance of angiogenic growth factors within the cellular microenvironment towards 

pro-angiogenic factors in a process known as the angiogenic switch [52-54].  

Homeostatic angiogenesis processes affect ECs. ECs line blood vessels in a monolayer and 

are connected by tight junction molecules (figure 1.2B). Pericytes, which are cells present 

at intervals along the walls of capillaries stabilise the blood vessel structure. In response to 

pro-angiogenic factors including VEGF-A, pericytes detach from the vessel wall. This is 

mediated by the degradation of the local extracellular matrix (ECM) that forms the 

basement membrane of blood vessels [53, 55, 56]. The process of basement membrane 

degradation is facilitated by metalloproteinases (MMPs). The tight junctions between ECs 

are then loosened, which increases vessel permeability allowing plasma proteins to leak 

from the vessel. This results in a provisional matrix that facilitates EC migration guided by 

angiogenic factor gradients (figure 1.2C). The migrating ECs may differentiate into two 

distinct phenotypes, a “tip” or a “stalk” phenotype, where tip cells lead the migration using 

filopodia to detect chemical cues within the microenvironment [57]. Stalk cells can then 

proliferate behind the tip cells to elongate the forming sprout [58]. These sprouts are then 

stabilised by angiopoietin-1 (Ang-1) which aids in EC chemotaxis and promotes the 
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recruitment and association of pericytes [58]. ECs can then form tight junctions and 

develop a continuous closed lumen which allows perfusion. Vessels that are incorrectly 

perfused will recede over time.  

Figure 1.2: An overview of vascularisation and angiogenesis. A. Tumours start as small clusters of 
cells that will continue growing until the diffusion distances limit the nutrients and oxygen that can 
enter the mass centre. This hypoxic core secretes angiogenic factors that stimulate the formation 
of angiogenic sprouts. The tumour then becomes vascularised over time. B. the structure of a 
typical blood vessel. Blood vessels are lined with a monolayer of ECs and are stabilised by pericytes 
that produce the ECM that forms the basement membrane. C. A summary of the angiogenic process 
on blood vessels shows the basement membrane breakdown, detachment of pericytes, the leaking 
of plasma proteins to provide a provisional matrix on which ECs can migrate and the forming of tip 
and stalk cells.  

In tumour-induced angiogenesis, the angiogenic cascade starts in response to tumour 

hypoxia and stimulates the migration of ECs as seen in normal angiogenesis. However, due 

to the continuous stimulation of angiogenesis, immature vessels do not recede, resulting 

in dysregulated vessel formation. This affects the structure and functionality of the tumour 

vasculature, resulting in often dilated and haemorrhagic vasculature with many vessels 

leading to dead ends [52]. ECs that form tumour vasculature show upregulated angiogenic 

activity and increased resistance to chemotherapeutics and anti-angiogenic drugs [59, 60]. 

Furthermore, ECs associated with tumours are more motile and have increased adhesion 

molecules compared to ECs isolated from normal tissue. Research supports the idea that 

tumour vasculature plays a significant role in clinical prognosis, for example, studies have 

demonstrated that in early breast cancer, patients with highly vascular tumours often have 
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a worse prognosis [61]. Studies have shown that ECs isolated from lung microvasculature 

have a restrictive barrier compared to vasculature from other tissue types [62-65]. 

Furthermore, ECs within the lungs are highly heterogeneous dependent on the type of 

vasculature they are derived from [63-66]. 

It is well-established that angiogenesis plays a significant role in NSCLC and tumour 

progression [63-65, 67]. Several studies have demonstrated a strong correlation between 

the degree of angiogenesis induced by a tumour and the advancement of the tumour and 

systemic metastasis [68, 69]. Tumours with high levels of angiogenesis have been found to 

have a poorer prognosis and are associated with shorter overall survival rates [70]. 

Angiogenesis in NSCLC is regulated by the interaction of several growth factors, cytokines, 

proteolytic enzymes, adhesion molecules, and extracellular matrices [71]. One of the core 

driving factors of angiogenesis in NSCLC is VEGF which can influence cell survival pathways 

[8, 10, 13, 14]. During the angiogenic switch, the overstimulation of pro-angiogenic factors 

results in aberrant vasculature. This has a significant impact on the TME and affects several 

downstream pathways that ultimately result in modification to immune cells, 

mesenchymal-derived cells and vascular cells [11, 20, 57]. Notably, research has shown that 

some NSCLC types might also be non-angiogenic. For these types, tumour growth is 

sustained through a process known as vascular co-option [30]. Vascular co-option is the 

ability of some tumours to surround the vasculature and take over the pre-existing vessel 

of the pulmonary circulation [72, 73]. However, more research into vessel co-option in 

NSCLC needs to be conducted to understand how this process manifests [57]. The potential 

for NSCLC to stimulate angiogenesis or vessel co-option has added more difficulty in the 

development of in vitro modelling of NSCLC Moreover, angiogenesis in NSCLC is not fully 

understood, understanding the mechanisms and effects of angiogenesis on tumour 

progression of NSCLC and the TME is an essential step to developing novel and more 

effective treatments [19, 20]. Therefore, developing a novel 3D model designed to research 

NSCLC requires a comprehensive understanding of the mechanisms of tumour 

angiogenesis and the TME which influences it.  

1.2.3. Mechanisms of angiogenesis in NSCLC  

Understanding the processes of angiogenesis in the lung is particularly challenging due to 

the two circulatory systems supplying the lung with blood flow. Pulmonary circulation is a 

high-flow, low-pressure circulatory system that transports deoxygenated blood to the 
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lungs from the right ventricle of the heart which is the entire cardiac output. Bronchial 

circulation is part of the systemic circulation and this is subject to systemic arterial 

pressures, supplying the tissues of the lung with nutrients and oxygen [74, 75]. The 

angiogenic potential of these two circulatory systems are being further researched as some 

studies show that the bronchial circulation has a greater angiogenic potential and increased 

proliferation capacity. Furthermore, research has proven that pulmonary circulation has 

reduced angiogenic potential, however, there are suggestions that both circulatory systems 

play a role in tumour perfusion with tumour size and histology correlating to the circulatory 

system implicated in tumour perfusion [74, 75]. 

The endothelium is a membrane consisting mostly of ECs. In the lung, it is highly 

heterogenous with differences in surface receptors, proliferative capacity and 

bioenergetics of the ECs, specifically between the vasculature of the pulmonary and 

bronchial circulation [75]. Some studies have explored the differences between tumour 

angiogenesis in the two circulatory systems within the lungs [75]. A rat model of NSCLC was 

used to quantify bronchial and pulmonary circulatory alterations as the tumour grew and 

showed that the disruption of the bronchial circulation had the capacity to stop tumour 

growth as well as reduce tumour size. Whilst perfusion of the tumour by bronchial 

circulation increased as tumour size increased, the perfusion of the tumour by pulmonary 

circulation remained unchanged as tumour size increased further indicating the 

significance of bronchial circulation in NSCLC progression [75]. Targeting the ECs of the 

bronchial circulation is therefore a novel avenue of research that should be explored to 

improve therapies for NSCLC. 

As ECs are the key targets for angiogenic factors such as VEGF-A, their surface marker 

expression and proliferative capacity holds a significant role in EC response to the 

angiogenic switch [74]. Once the angiogenic switch occurs, associated with NSCLC 

presentation, ECs accelerate glycolysis and increase glucose uptake allowing faster 

adenosine triphosphate (ATP) production and rendering more hypoxia-resistant ECs. 

Glycolytic differences between the endothelial subtypes result in varied responses to 

angiogenic factors and therefore, the angiogenic response stimulated by lung tumours is 

dependent on their location and proximity to arterial, arteriole and microvasculature [74]. 

Furthermore, EC response to angiogenic factors such as VEGF-A is affected by the 

expression of VEGF receptors on ECs [76]. Research has shown that VEGF-A exerts its pro-
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angiogenic effects via VEGF receptor 2 (VEGF-R2) signalling, therefore the expression of 

VEGF-R2 on tumour-associated ECs is crucial for angiogenic activity, whilst VEGF receptor 

1 (VEGF-R1), which has a higher affinity with VEGF-B, has a reduced effect on VEGFR-2-

mediated angiogenesis [76, 77]. VEGF-R1 has been implicated to affect homeostasis and 

vascular development, its overexpression has been shown to inhibit the expression of 

VEGF-R2 and thus suppress VEGF-A-stimulated angiogenesis [77, 78]. Furthermore, 

hypoxia has been shown to affect the expression of VEGF receptors within the tumour 

microenvironment, with HIF-1α inducing the expression of VEGF-R2 [77, 78].  

One likely reason for the lack of research conducted on the influence of the two circulatory 

systems in lung cancer may be due to limited lung cancer models that investigate lung 

vasculature and the sources of vasculature for lung tumours. Mouse models are inefficient 

at these types of investigations as mice lungs do not have a separate bronchial circulation 

and therefore cannot model the human lung circulatory sources for tumour vasculature 

accurately [75]. Human-specific models are therefore necessary to further understand how 

the two circulatory systems influence tumour angiogenesis in NSCLC. Whilst there has 

begun to explore the influence of the two circulatory systems, as described above, more 

relevant models that can effectively mimic the TME of NSCLC can help further progress the 

understanding of tumour angiogenesis in NSCLC [74, 75]. 

1.2.4. The role of fibroblast in the angiogenic process in NSCLC 

The tumour microenvironment in lung adenocarcinomas is characterised by extensive 

cellular and mutational heterogeneity, which significantly influences tumour progression 

and angiogenesis. Fibroblasts are one of the key components of the TME in non-small cell 

lung cancer [9]. When recruited into the NSCLC TME, fibroblasts undergo reprogramming 

to become CAFs due to the hypoxic conditions within the TME, primarily mediated by HIF-

1α. This transformation is crucial for tumour development, as CAFs contribute to multiple 

aspects of tumour progression, including the angiogenic process. Studies have shown that 

the activation of fibroblasts into CAFs under hypoxic conditions is largely dependent on HIF-

1α. Experiments involving mouse embryonic fibroblasts with and without HIF-1α knockout 

have demonstrated that fibroblasts lacking HIF-1α do not exhibit the typical activation into 

CAFs under hypoxia and do not express CAF markers. This highlights the essential role of 

HIF-1α in fibroblast activation and their subsequent contributions to tumour angiogenesis 

[10].  
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Once activated, CAFs in the TME produce a variety of extracellular matrix proteins, growth 

factors, and cytokines, including collagen and fibronectin, which are crucial for creating a 

supportive ECM that aids in tumour progression. The ECM modified by CAFs not only 

provides structural support but also facilitates the binding of growth factors and cytokines, 

which are vital for angiogenesis [79]. For instance, fibronectin, a key ECM protein produced 

by CAFs, has been shown to play a significant role in angiogenesis by promoting the 

proliferation and migration of endothelial cells, which are essential steps in angiogenesis 

[80]. Furthermore, CAFs can promote angiogenesis through paracrine signalling 

mechanisms. One critical pathway involves the upregulation of VEGF in tumour cells. By 

enhancing VEGF expression, CAFs indirectly foster an environment conducive to 

angiogenesis, thereby facilitating tumour survival and expansion [12]. 

Through the transformation into CAFs, fibroblasts play a pivotal role in the angiogenic 

process in NSCLC. Their ability to modulate ECM composition, secrete angiogenic factors, 

and upregulate VEGF demonstrates their importance in promoting angiogenesis. 

Understanding the role of fibroblasts in the angiogenic process in NSCLC can provide 

insights into developing targeted therapies that disrupt these processes, potentially 

inhibiting tumour growth and spread [9]. Consequently, to develop a model that can 

effectively mimic the TME of NSCLC, it is important that the incorporation of CAFs is 

considered, not only for the production of the ECM but also for their influence in 

angiogenesis in NSCLC [50].  

1.2.5. Project rationale 

This project aims to address the feasibility of the use of homotypic and heterotypic 3D 

multicellular spheroid models as a basic step toward developing a more complex model 

capable of mimicking tumour angiogenesis in NSCLC. Given the distinct roles that the 

different components of the TME play in NSCLC angiogenesis, including ECs, CAFs, and the 

ECM, it is necessary to consider these elements when constructing an in vitro model. 3D 

multicellular spheroid models have emerged as a promising in vitro platform for studying 

the complex interactions between different cell types within the TME [81]. Therefore, 

spheroids comprised of NSCLC cells, ECs, and CAFs may serve as a suitable starting point 

for developing a more representative model of NSCLC angiogenesis. These spheroids 

should mimic the hypoxic conditions that are characteristic of the NSCLC TME and induce 

the activation of fibroblasts into CAFs, enabling the evaluation of their impact on 
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angiogenesis. Consequently, spheroid shape, size, and metabolic activity of spheroids 

generated using NSCLC cells, ECs and CAFs, are significant physical and functional 

characteristics that should be assessed to determine the suitability of using such spheroids 

for studying NSCLC angiogenesis. Producing and selecting spheroids that are predictable 

with a consistent phenotype is necessary for the development of a robust in vitro model of 

NSCLC angiogenesis. For example, to develop a microfluidic lab on a chip system that is 

robust and reliable to research the impact of shear stress on angiogenesis, it is essential for 

the spheroids used to be reproducible in addition to other components that are essential 

for the model [82-84]. Spheroids that exhibit heterogeneity in size, shape, and cellular 

composition may lead to inconsistencies in the evaluation of therapeutic interventions and 

angiogenic processes. The generation of consistent and reproducible 3D multicellular 

spheroids is essential for the development of a robust and reliable in vitro model that can 

effectively mimic the TME and facilitate the evaluation of therapeutic treatments and 

angiogenic processes [84].  

Therefore, this project aims to investigate the feasibility of using homotypic and 

heterotypic 3D multicellular spheroids, produced using ultra-low adhesion (ULA) 96-well 

round bottom plates, as a building block for constructing a more complex in vitro model of 

NSCLC angiogenesis. This will involve establishing a systematic approach to evaluate and 

assess the physical and functional characteristics of the formed spheroids, such as size, 

shape, and metabolic activity, and implementing a preselection method to ensure the 

consistent production of spheroids. This will be done through the use of reliable imaging 

techniques and software with the capacity to evaluate spheroids that are acceptable to 

progress to subsequent research. This will provide a crucial first step towards the 

development of a robust and reliable in vitro model of NSCLC angiogenesis. The generation 

of consistent and reproducible 3D multicellular spheroids is essential for the development 

of a robust and reliable in vitro model that can effectively mimic the complex TME and 

facilitate the evaluation of therapeutic interventions and angiogenic processes in NSCLC. 
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1.3. Hypothesis and Aims 

1.3.1. Hypothesis: Commercially available ultra-low attachment (ULA) multi-well 

plates can be used to produce 3D spheroids from a human NSCLC cell line that 

are consistent in shape (circularity) allowing for their incorporation into more 

complex models such as lung-on-a-chip that have been proven useful for 

investigating angiogenesis in NSCLC. 

1.3.2. Project Aim: The aim of this study is to establish a preselection approach for 

the evaluation of in-house developed multicellular 3D spheroid models for 

NSCLC that can be used to produce reproducible and consistent spheroids. 

Additionally, to evaluate the feasibility of using these spheroids as in vitro 

models of the angiogenic switch in NSCLC for research in lung cancer 

treatment. 

1.3.3. Objectives: The objectives of this study were dual: 

1. To form heterotypic spheroids consisting of A549, MRC-5 and HUVEC 

cells in ULA plates 

2. To assess the morphological characteristics of the 3D spheroids formed; 

and 

3. To determine the ability of the 3D spheroids to express markers 

characteristic of the angiogenic switch (HIF-1α and VEGF-A) at various 

time points.  
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2. Materials and methods 

In my project, I developed A549 or MRC-5 homotypic and heterotypic spheroids, which 

were then monitored over time. The workflow is presented in figure 2.1. Heterotypic 

spheroids were then optimised to establish a ratio of A549 to MRC-5 cells to produce 

spheroids with a consistent morphology. Additionally, a preselection method was 

established by assessing spheroid morphology using FIJI and MATLAB analysis to determine 

parameters that can be used to assess spheroid morphology consistency. Spheroid 

characterisation was then conducted to further assess viability, and the presence of CAF 

markers, EC markers and hypoxia markers.  
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Figure 2.1: Workflow for the formation, selection and characterisation of A549 or MRC-5 
homotypic spheroids (A) and heterotypic spheroids (B). 3D spheroids were formed using 
ULA 96-well round bottom plates. Spheroids were imaged using the Lionheart FX 
automated microscope and then analysed using image analysis software. Morphology 
analysis was used to preselect spheroids that were then assessed for proliferation using 
flow cytometry, and viability using CellTiter-Glo® 3D Cell Viability Assay. Functional 
endpoints included structure assessment using immunocytochemistry and confocal 
microscopy and angiogenesis potential using Western blot.  
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2.1. Cell culture, preparation, handling and cryopreservation. 

2.1.1. Cell Lines 

Human lung adenocarcinoma (A549) cell line was obtained from the American Tissue 

Culture Collection (ATCC, LGC Standards, Middlesex, UK) and was maintained in Dulbecco’s 

Modified Eagle Growth Medium (DMEM) containing 4500 mg/L glucose, L-glutamine, and 

sodium bicarbonate, without sodium pyruvate, supplemented with 10% heat-inactivated 

foetal bovine serum (FBS) (Sigma-Aldrich, Ireland) and gentamicin (5 μg/mL) (Sigma-

Aldrich, Ireland). Healthy human lung fibroblasts (MRC-5 cells) were obtained from the 

American Tissue Culture Collection (ATCC, LGC Standards, Middlesex, UK) and were 

maintained in Minimum Essential Med (MEM), low glucose with L-glutamine and no 

sodium pyruvate (Bio-Sciences Ltd, Ireland) supplemented with 10% FBS and 1% penicillin-

streptomycin (Gibco, Invitrogen Ltd, VWR). Human umbilical vein ECs (HUVECs) were kindly 

supplied by Dr Anthony McElliot (Trinity College Dublin) and were maintained in 

endothelial cell media (ECM) (PromoCell, Ireland) supplemented with 10% foetal calf serum 

(PromoCell, Ireland) , growth factors (namely, 5 ng/mL Epidermal Growth Factor, 10 ng/mL 

Basic Fibroblast Growth Factor, 20 ng/mL Insulin-like Growth Factor (Long R3 IGF), 0.5 

ng/mL Vascular Endothelial Growth Factor 165, 1 µg/mL Ascorbic Acid, 22.5 μg/mL Heparin, 

and 0.2 µg/mL Hydrocortisone. ) (PromoCell, Ireland) and 1% penicillin-streptomycin. All 

cell lines were grown at 37 °C and 5% CO2 in a humidified atmosphere in tissue culture 

flasks (Greiner Bio-One, Ireland) and were confirmed as mycoplasma negative.  

2.1.2. Mycoplasma testing 

In order to test cultures for mycoplasma contamination, Polymerase Chain Reaction (PCR) 

was conducted. Briefly, 1 mL of cell culture supernatant from a confluent cell culture flask 

was collected and centrifuged for 1 min at 644 xg to pellet any cell debris. PCR master mix 

was prepared on a volume per reaction basis. For each sample, the following reagents were 

added to form the master mix: DreamTaq Green Master Mix (Promega, M7122) (12.5µL), 

forward primer (0.5 μL), reverse primer (0.5 μL) and molecular biology grade water (11 μL). 

Master mix (24.5 μL) was then added to a PCR tube and 1 μL of sample was then added to 

the PCR tube. A positive control and negative control (molecular biology grade water.) 

sample was also prepared. The PCR tube was then placed in the thermocycler and the 

following program was selected: 1 cycle of Initialization (95 °C for 5 min); 40 cycles for 

denaturation (94 °C for 30 secs), annealing (55 °C for 30 s) and extension (72 °C for 1 min) 
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and 1 cycle for final extension (72 °C 10 for mins 1) and Hold at 4 °C. The PCR was then run 

on 2% (w/v) agarose gel (Sigma-Aldrich, A9539-250G) with 0.01% (v/v) SYBR Safe DNA gel 

stain (Thermofisher, S33102) in 1x Tris/Borate/EDTA (TBE) buffer. The DNA ladder was 

prepared, whilst the PCR gel set, using the following reagents: 2 μL DNA ladder, 1 μL loading 

Dye, and 3 μL water. The DNA ladder (6 µL) was pipetted into the first well of the gel, and 

PCR product (10 µL) was added into subsequent wells for each sample, including the 

positive and negative samples. The gel was electrophoresed at 100 V for 15 mins and then 

imaged on the chemiluminescent imaging system (Molecular Imager ChemiDoc XRS with 

ImageLab 3.0 Software, Bio-Rad). The expected product size for a positive sample is 270 

bp.  

2.1.3. Cell subculture 

All cell culture work was conducted using aseptic techniques and carried out in a Faster BH-

EN 2004 laminar air flow unit (Faster S.r.l, Italy). Briefly, this involved thoroughly cleaning 

the laminar flow hood with 1% Virkon (W/V) (SLS Scientific Laboratory Supplies Ireland) 

followed by 70% industrial methylated spirit (IMS). All reagents and equipment were 

sterilised using 70% IMS before entering the laminar flow hood. All cultures were 

subcultured once flasks were 70-85% confluent. Media from the culture flasks were 

discarded to waste and cells were washed with 5-10 mL sterile 1X phosphate buffered 

solution (PBS). PBS was prepared using PBS tablets (Fisher Scientific Ltd, 11435015). Cells 

were detached from flask substrates using TrypLE™ (Gibco, Ireland) for 5 min at 37 °C. Cells 

were checked for complete detachment using a light microscopy (Olympus, MA, USA). 

TrypLE was neutralised with complete growth media. The cell suspension was then 

resuspended in complete media at varying concentrations depending on experimental 

requirements.  

2.1.4. Cryopreservation of cell lines 

All cell lines were regularly frozen at -80 °C to keep passage numbers as low as possible. 

Briefly, confluent flasks were washed with PBS, cells were dissociated with TrypLE which 

was neutralised by complete growth media as previously described. Cell suspension was 

then collected in 15 mL sterile tubes and centrifuged for 3 min at 1450 xg. The supernatant 

was then discarded, and the cell pellet was resuspended in 1 mL complete growth media. 

50 µL of dimethyl sulfoxide (DMSO) was then added to the cell suspension directly to a final 

concentration of 5%. Cells were then transferred to previously labelled cryovials (Sarstedt, 
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Germany). Cryovials were then placed into Mr Frosty freezing containers (Sigma-Aldrich, 

Ireland) for at least 48 h in a -80 °C freezer before being moved to labelled storage boxes 

and stored at -80 °C. 

Cryopreserved cell suspensions were reconstituted by removal from the freezer with 

subsequent thawing. The cell suspensions were then added to previously labelled tissue 

culture flasks with 10-15 mL prewarmed complete growth media. Cells were then 

incubated at 37 °C and 5% CO2 in a humidified atmosphere to allow attachment. After 24 

h, media was removed, cells were washed with PBS and fresh media was added to the flask 

to remove residual DMSO.  

2.1.5. Cell count using Trypan blue exclusion. 

Cells were dissociated using TrypLE™ (Gibco, Ireland) for 5 min at 37 °C. Cells were checked 

for complete detachment using a light microscopy (Olympus, MA, USA). TrypLE was 

neutralised with complete growth media. Cell suspensions were then pelleted by 

centrifugation for 5 min at 1450 xg. Supernatants were discarded and cells were 

resuspended in 1 mL prewarmed complete media, ensuring that the cell suspension was 

mixed well. Using a pipette, 10 μL of the well-mixed cell suspension was added to an 

Eppendorf tube with 10 µL of Trypan blue solution and thoroughly resuspended (1:1 ratio). 

The trypan blue-cell solution was then loaded into the haemocytometer covered by a glass 

cover slip and allowed to settle briefly. The haemocytometer was then placed under the 

light microscope, and viable cells (cells that were white due to dye exclusion) were counted 

using the 4 large corners of the haemocytometer grid. Dead cells (cells that were dyed blue 

due to dye exclusion) were also counted. The total number of cells was calculated by the 

adding the number of viable and dead cells, allowing for the assessment of viability. A tally 

counter was used to ensure cell counts were accurate.  

For seeding spheroids, only the number of viable cells was used. The average cell number 

of viable cells across the 4 grids was calculated (total number of viable cells / 4) and 

multiplied by 10,000 (104). This value was then multiplied by 2 to correct for the 1:1 dilution 

from adding trypan blue, yielding the total number of live cells per mL.  

For viability assessment, cell counts of dissociated spheroids were used to calculate the 

percentage of viable cells. This was done by dividing the total live cell count by the total 

number of cells counted (this includes dead cells) and multiplying by 100. As shown by the 

formulas below:  
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𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 + 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
× 100 

The cell suspension can then be adjusted to the desired concentration of cells. The accuracy 

of initial cell counts was confirmed with flow cytometry, as described in section 2.4.1.  

2.1.6. 3D spheroid formation using ULA plates. 

For spheroid formation of A549, MRC-5, and heterotypic spheroids, cells were seeded into 

ultra-low attachment (ULA) CellStar® 96 well round bottom cell repellent plates (Gibco, 

Invitrogen Ltd, VWR). These plates have been shown to assist spheroid formation without 

the need for specific supplements or culture substrates, generating scaffold-free spheroids 

[85, 86].  

A549 cells were seeded at varying densities (1000, 2500 and 5000 cells/well) to determine 

which cell density produced more consistently circular/spherical spheroids, in accordance 

with previously published research [87]. Briefly, cells were harvested as described in 

section 2.2. and a cell count was performed as described in section 2.2.1. Following the cell 

count, cell concentration was adjusted to 104, 5x104 and 105 cells/mL. 100 µL of the cell 

suspension was then dispensed into each well of ULA 96 well round bottom plates. PBS was 

dispensed to the wells on the outer edge of the plate to reduce media evaporation and 

edge effect. The plate was then incubated at 37 °C and 5% CO2 in a humidified atmosphere. 

After 2 hours, plates were imaged before adding an additional 100 µL of growth media. The 

growth media was changed every 2-4 days by aspirating the 200 µL of growth media from 

each well, followed by pipetting 200 µL back into the wells. This was done carefully so as 

not to remove the spheroid whilst removing media or dispensing media too harshly to keep 

the spheroids from being disrupted too much.  

Heterotypic spheroids were formed using varying A549 to MRC-5 ratios. The number of 

A549 cells was kept constant at 5,000 cells/well. MRC-5 cell densities used were 10,000, 

5,000, 2,500 and 2,000, cells/well (corresponding to a A549 to MRC-5 cell ratio of 1:2, 1:1, 

2:1, and 5:2, respectively).  

MRC-5 spheroids were grown as homotypic spheroids using densities comparable to those 

employed in heterotypic spheroids to enable comparisons in morphology, viability and cell 

numbers between the monocultures and the co-cultures.  
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2.1.6.1. Optimisation of cell culture media for co-cultures 

The effect of different culture media was evaluated to select the optimal media for the co-

culture of A549 and MRC-5 cell lines. A 96-well flat bottom plate was used with MRC-5 and 

A549 cells seeded separately. Both cell lines were grown in supplemented DMEM, MEM or 

a 50:50 mix thereof for 3 days. Viability was assessed using CellTiter-Glo® 3D Cell Viability 

Assay (Promega, MyBio, Ireland) as described in section 2.4.2. Valinomycin at a 

concentration of 120 µM per spheroid (IC50 for A549 cells) was used as a positive control 

[88-90]. Data was plotted into graphs using GraphPad Prism 10 using 3 spheroids per 

repeat.  

2.2. Morphological assessment of Spheroids using Brightfield 

Microscopy  

Spheroids were imaged using brightfield microscopy (Lionheart FX microscope (BioTek) 

equipped with Gen5 imaging software (BioTek)) at 2 h, 24 h, 4 d, 8 d, 12 d and 16 d after 

cell seeding, to monitor cell aggregation and spheroid morphology over time. Each well in 

the 96-well plates were imaged at a magnification of 4X. The software was programmed to 

capture images 600 ms after the automated stage moved to the next well to allow the 

spheroid to settle in the well before image capture. Images were then saved as tif files and 

analysed using FIJI and MATLAB as described below.  

2.2.1. FIJI image analysis 

The effects of cell density on the circularity of A549 and MRC-5 homotypic spheroids were 

assessed using FIJI and AnaSP software. This was done to determine seeding densities that 

would generate spheroids with consistent circularity and to establish the minimum 

acceptable circularity. Initially, circularity was used to compare 3 different cell densities of 

A549 and MRC-5 homotypic spheroids. Following circularity assessment of homotypic 

spheroids. I was able to determine that spheroids with a circularity of less than 0.8 showed 

more variability in viability. Thus, spheroids with a circularity of less than 0.8 were not used 

for further assays. This was therefore used as an exclusion criteria and spheroids with a 

circularity of less than 0.8 were deemed poor quality and were removed from future 

experimentation.  
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Briefly, this involved opening the tif image on FIJI and converting it to a 16-bit image. The 

threshold was then adjusted so that the spheroid was selected as a whole entity (figure 

2.2). 

Figure 2.2: Visual representation of the Fiji settings used to adjust the threshold to 
encompass the spheroid as 1 particle. 

 

Following the threshold adjustment, the image was converted to a black on white image 

and analysed using the analyse particle function of FIJI. Size was set to 200-infinity so that 

the spheroid gets analysed as a whole particle, circularity was set to 0.00 – 1.00 where 1 is 

a complete circle and 0 is a straight line (figure 2.3). Images of the mask and threshold 

adjusted images were saved as tif images and stored with the original images (figure 2.4). 

Measurements analysed included total area, average size, area, perimeter, circularity, 

solidity, Feret, Feret’s X, Feret’s Y, Feret angle and minimum Feret.  
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Figure 2.3: Visual representation of the FIJI settings used to measure and analyse the 
spheroid. 

 

Figure 2.4: Representative images and measurements of the analysis process used in FIJI 
which shows the original brightfield image, the image produced after adjusting the 
threshold, the mask produced after analyse particle is conducted and the resultant 
measurements obtained. Measurements obtained are Perim. (Perimeter in µm), Circ. 
(Circularity), Solidity and FeretX and FeretY diameters (measured in µm).  

 

2.2.2. MATLAB image analysis  

Analysis of SPheroids (AnaSP), a software suite written in MATLAB (©, The MathWorks, 

Inc., Natick, MA, USA) and distributed as an open-source tool at 

http://sourceforge.net/p/anasp/, was used to further evaluate the parameters and 

morphology of spheroids. AnaSP is a software developed to analyse images of spheroids 

taken with entry-level brightfield microscopes with the aim of showing that spheroids with 

varying morphological parameters is a major source of variability in viability and response 

to treatments [15, 91]. The benefit of using AnaSP was that image analysis could be 

conducted in bulk, allowing for the rapid selection of spheroids that meet the selection 

http://sourceforge.net/p/anasp/
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criteria (table 2.1). The selection criteria were circularity of 0.8 or more, solidity of 0.4 or 

more and a diameter of more than 400 µm. Furthermore, the ability to analyse images 

taken on entry-level brightfield microscopes makes the methodology transferrable to any 

microscope that can capture brightfield images. Spheroid morphological characteristics 

include circularity, solidity and diameter. Solidity is a measure of the smoothness of the 

spheroid where 1 is indicative of perfect smoothness and 0 indicates rough or ruffled edges. 

The spheroid diameter was calculated using the average between Feret’s X and Feret’s Y 

diameters of a spheroid. 

This introduced an alternative approach to the selection of spheroids prior to treatments 

to improve the reproducibility of results.  

Figure 2.5: Visual representation of the AnaSP software interface used to analyse 
spheroids. The image shows the user interface of AnaSP, a user-friendly software 
developed to analyse images of spheroids in bulk. The image shows the network training 
potential of AnaSP that allows the software to be programmed for deep learning and better 
analysis of brightfield images.  

Table 2.1: Exclusion and inclusion criteria used for preselecting spheroids.  

 Circularity  Solidity  Diameter (µm) 

Inclusion >0.8 >0.4 >400 

exclusion <0.8 <0.4 <400 

MATLAB was then used to generate multivariate graphs. The methodology used to 

generate the graphs can be found in Appendix I. Multivariate graphs were used to show 

the differences in Feret’s x (z-axis) and Feret’s Y diameter (x-axis) vs Time (y-axis) and 
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viability (colour map). Multivariate graphs were generated using MATLAB software 

(Appendix I). 

2.3. Viability Assessment of Spheroids  

2.3.1. Cell proliferation  

Flow cytometry was used to assess cell proliferation. During cell seeding (t = 0 h), 1mL of 

the cell suspensions prepared for cell seeding in ULA plates was collected into an Eppendorf 

tube and centrifuged at 1450 xg for 1 min. The supernatant was removed, and cells were 

resuspended in 1 mL of pre-warmed PBS. To each Eppendorf, 5 µL of Hoechst 33342 

(Thermo Fisher Scientific, Ireland) (5mg/mL stock) (dilution 1:200) and propidium iodide 

(PI) was added and then incubated at room temperature for 10 min protected from light. 

Eppendorf tubes were then centrifuged for 1 min at 1450 xg, supernatants were removed, 

and samples resuspended in 500 µL of 3.7% formaldehyde in PBS was added. The samples 

were then left to incubate at room temperature for 15 min. Samples were then centrifuged 

for 1 min at 1450 xg. The supernatant was aspirated and 1mL of PBS with 1% BSA was added 

before resuspending cells using a pipette and vortexed. Cells were then analysed by flow 

cytometry using excitation/emission of 350/461 nm on an Accuri Flow Cytometer (BD 

Accuri C6). The number of events per 100 µL was assessed setting a threshold of 20 000. 

Water and PBS with 1% BSA were used to gate out debris, and an unstained control was 

also used to assist with gating (figure 2.6). Samples with 1,000 events/100 µL were kept 

and used for seeding.  

Figure 2.6: Example of the gating used for flow cytometry. Gating was done using water 

and PBS with 1% BSA to gate out debris. 
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2.3.2. Spheroid Dissociation 

At 4, 8 and 12 d after cell seeding, spheroids were harvested from the ULA plates into 

Eppendorf tubes (1 spheroid/Eppendorf tube) using a pipette. Supernatants were 

discarded carefully with a pipette, ensuring spheroids were not lost in the process. 500 µL 

of prewarmed PBS was added to wash excess media off the spheroids. PBS was removed 

carefully using a pipette and 50 µL of 0.25% Trypsin-EDTA (Gibco) was added. Spheroids 

were then incubated for 10 min at 37 °C. Following incubation, 150 µL of media was added 

and spheroids mechanically dissociated in single cells by pipetting up and down several 

times. Dissociation of spheroids into single cells was confirmed using a haemocytometer 

(see Appendix III). The Eppendorf tubes were then centrifuged for 5 min at 200 xg. 

Supernatants were then discarded, and cells resuspended in 200 µL of pre-warmed PBS. 1 

µL of Hoechst 33342 (5mg/mL stock) (dilution 1:200) was added to each Eppendorf. 

Samples were then incubated at room temperature for 10 min, protected from light. 

Following incubation, the samples were centrifuged for 1 min at 1450 xg, supernatant 

removed and 500 µL of 3.7% formaldehyde in PBS was added and incubated at room 

temperature for 15 min. Samples were then centrifuged for 1 min at 1450 xg, supernatant 

aspirated and sample resuspended in 1 mL of PBS with 1% BSA. Samples were then 

analysed by Accurri Flow Cytometer (BD Accuri C6) using excitation/emission of 350/461 

nm (FL1 channel). For each sample, the events in 100 µL were measured. Gating was 

applied as shown in figure 2.6.  

2.3.3. ATP quantification 

The ATP content of spheroids was assessed at 4, 8 and 12 d after cell seeding using CellTiter-

Glo® 3D Cell Viability Assay (Promega, MyBio, Ireland) as an indirect measurement of the 

cell culture viability. CellTiter Glo® is optimised for viability assessment through Adenosine 

triphosphate (ATP) quantification of spheroids up to 900 µm[92]. This involved harvesting 

spheroids at the relevant time point into Eppendorf tubes (1 sample/tube). Supernatants 

were discarded and spheroids washed with 100 µL of prewarmed PBS to remove any 

extracellular ATP. PBS was then removed and 100 µl of CellTiter-Glo® reagent was to each 

sample. Samples were incubated at room temperature on a plate shaker for 30 min. 

Following incubation, 50 µL was aspirated and added to opaque-walled 96-well plate (1 

sample/well). The luminescence was then recorded using excitation/emission of 528/20 

nm and an integration time of 0.5 second/well was used (gain = 135) on a Biotek FL x800 

fluorescence and luminescence reader (Biotech, Ireland). The negative control used was 50 
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µL of growth media with 50 µL of CellTiter Glo®. Positive control used was 120 µM 

Valinomycin. 

2.4. Phenotypic Assessment of Spheroids  

2.4.1. Immunofluorescent Microscopy 

Spheroids were harvested at 4, 8 and 12 d after cell seeding into Eppendorf tubes (1 

spheroid/Eppendorf tube). Supernatants were discarded and spheroids washed with 

prewarmed PBS. PBS was then removed, and spheroids fixed using 200 µL of 3.7% 

formaldehyde for 15 min at room temperature. Formaldehyde was then removed carefully 

using a pipette, and spheroids washed 3 times with 200 µL of PBS. Cells were then 

permeabilised using 200 µL of 1% Triton X-100 in 1X PBS and incubated at room 

temperature for 15 min. Triton-X-100 was then removed, and the cells washed 3 times with 

200 µL PBS. Spheroids were then incubated for 1 hr at room temperature with 200 µL of 

2% BSA for blocking. Primary antibodies (table 2.2) were prepared in 0.1% BSA and 200 µL 

of staining solution was added to each spheroid and incubated for 3 h at room 

temperature.  

Table 2.2: Primary antibodies used in immunofluorescent staining of spheroids  

Antibody Dilution  Secondary used 

α-SMA 1:300 Alexa Fluor® 488 

Ki-67  1:250 Already conjugated with FITC 

CD31 1:300 Alexa Fluor® 488 

HIF-1α 1:300 Alexa Fluor® 488 

 

The staining solution was then removed, and spheroids were washed by adding 200 µL PBS 

using a pipette, followed by aspirating carefully with a pipette and repeated 3 times. 

Specimens were then incubated with fluorescently labelled secondary antibodies along 

with compatible counterstains (table 2.3) diluted in 0.1% BSA for 45 min at room 

temperature protected from light. Spheroids were then washed by adding 200 µL PBS using 

a pipette, followed by aspirating carefully with a pipette and repeated 3 times. Spheroids 

were then stored at 4 °C in PBS till imaging. To image using confocal microscopy, spheroids 

were removed from Eppendorf tubes using a 200 µL pipette and placed in an uncoated µ-

slide well (Ibidi, Germany). Any excess PBS was removed and 50 µL Slowfade mounting 
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media was added to the well to prevent the spheroid from drying out and prevent 

bleaching. Quantitative Laser Scanning Confocal Microscopy (LSCM) imaging was 

performed using a Leica SP8 confocal microscope equipped with a 10x dry objective. Z-

stack images were captured, and image processing was undertaken using LAS X software 

and FIJI.  

Table 2.3: Counterstains used in immunofluorescent staining of spheroids 

Stain Dilution  target 

Hoechst 33342  1:200 Nucleus 

Rhodamine Phalloidin  1:40 Cytoskeleton 

 

2.5. Western blotting 

2.5.1. Preparation of cell lysates from 3D spheroids 

Spheroids were harvested from ULA plates at 4, 8, 12 and 16 d after cell seeding into 

Eppendorf tubes (16 spheroids/Eppendorf tube). Supernatants were aspirated using a 

pipette and discarded. Spheroids were then washed by carefully pipetting 500 µL pre-

warmed PBS into the Eppendorf tube; PBS was then carefully aspirated using a pipette 

ensuring no spheroids were removed. RIPA lysis buffer was then supplemented with 10 

µL/mL Phenylmethyl Sulfonyl Fluoride (PMSF) solution (Sigma-Aldrich, Ireland), 10 µL/mL 

sodium orthovanadate solution (Sigma, Ireland) and 10 µL/mL protease inhibitor cocktail 

solution (Thermofisher, 1860932). From this point on cells were kept on ice. Supernatants 

were discarded and cells resuspended in 200 µL of supplemented RIPA buffer. Cells were 

kept on ice for 15 min before sonicated for 10 min in a sonic bath (Branson digital sonifier 

model 450). Following sonication cells were centrifuged for 15 min at 3260 xg at 4 °C. Cell 

lysates were then stored at -20°C till needed.  

2.5.2. Quantification of Protein Content in spheroid cell lysates 

Protein content in cell lysates was quantified using the Pierce™ BCA Protein Assay (Thermo 

Fisher Scientific Inc) as per the manufacturer’s protocol. BCA Albumin Standard (Thermo 

Fisher Scientific Inc) was prepared by serial dilution (2000, 1000, 750, 500, 250, 125 and 25 

µg/mL) in RIPA buffer. In a sterile 96-well plate, 200 µL/well of the BCA working reagent 

was added. Each standard/sample was vortexed before dispensing and 10µL/well of each 

standard/sample was added in duplicate, including a blank consisting of RIPA buffer. The 

plate was gently shaken, covered in foil, and placed in a 37 °C incubator for 30 min. 
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Absorbance was then measured at 562 nm on a BioTek Epoch Microplate 

Spectrophotometer plate reader. The blank absorbance was subtracted from all 

standard/sample absorbances, and all duplicated wells were averaged. A standard curve 

was plotted with the BSA concentration on the x-axis and absorbance at 562 nm on the y-

axis. The protein concentration of samples was then extrapolated using the line equation 

generated by the standard curve.  

2.5.3. Sample preparation 

Samples were then prepared (30 μg per sample) for gel loading to undergo SDS-PAGE 

protein separation. Samples were prepared with RIPA buffer and normalised to 20 µL 

in Eppendorf tubes. A volume of 5 µL of NuPAGE™ lithium dodecyl sulfate (LDS) Sample 

Buffer (4X) (Thermofisher, NP0007) was then added to each sample before being 

heated to 70°C for 10 min on a heating block (Techne Dri-Block DB-3D, Sigma Aldrich, 

UK). Samples were then cooled to room temperature before gel loading.  

2.5.4. SDS-PAGE gel electrophoresis 

Following sample preparation with the loading buffer, the mini-PROTEAN Tetra Cell (Bio-

Rad) was assembled. Once removed from the fridge, gels were placed into the module with 

the shorter plates facing inward towards the central buffer reservoir. The module was then 

fitted into the tank and 1X running buffer (10X stock: 30.2g Tri’s base, 144g glycine, 100 mL 

10% SDS and Dh2O to make 1L) was poured between the two gel plates to the top of the 

module. The well combs were removed, and a 1 mL syringe was used to flush the wells with 

running buffer to ensure gel loading was not interrupted. The outer chamber was then 

filled with 600 mL of running buffer. The first well was loaded with 6 µL NeoPRO 10 Pre-

stained Protein Ladder (Generon, NB-59-0002). A volume of 20 µL per sample was loaded 

to each well using gel loading tips. Gels were then electrophoresed (PowerPac Universal, 

Bio-Rad) for 30 min at 60 V then 1 h 30 min to 1h 50 min at 100 V to 120 V. Electrophoreses 

was stopped when the dye front was at the bottom or for larger gels when the dye front was 

run off the resolving gel. Glass plates were then carefully separated, and the wells cut off from 

the gel. The gel was then placed in a tray with 1X transfer buffer for approximately 5 min whilst 

equipment and reagents for transferring were prepared.  

2.5.5. Protein transfer 

Once proteins were separated by SDS-PAGE, a polyvinylidene fluoride (PVDF) 0.4 µM 

membrane was used to transfer proteins. Briefly, this required washing the gel in transfer 



34 

 

buffer 3 times for 5 min whilst the membrane was activated in methanol for 2 min then 

washed twice in transfer buffer. Sponges and filter paper were then soaked in transfer 

buffer before assembling the sandwich cassette as follows: 1 sponge 2 filter papers, the 

gel, the membrane 2 filter papers, and another sponge. A roller was used to remove 

bubbles before the sandwich cassette was placed in the transfer gasket with the black side 

of the sandwich cassette facing the back side of the transfer gasket. The gasket was then 

placed into the tank which was then filled with transfer buffer. A magnetic stirrer and ice 

pack were also placed in the tank to control temperature and circulate the transfer buffer. 

The tank was then placed on the magnetic stirrer and the transfer was started using a 

powerpack (PowerPac Universal, Bio-Rad) at 30V for 1 hr.  

2.5.6. Blocking 

Once the transfer was complete the cassette was removed and disassembled using plastic 

tweezers to minimise contact with the membrane. Filter paper and gel were discarded. 

Orientation of the membrane was noted by cutting the top left edge of the membrane, the 

side against the gel is the side with protein and therefore the top left corner will be the cut 

edge. (above the ladder). The membrane was then moved gently into a 50 mL falcon tube, 

ensuring the protein side was facing inward and the membrane edges didn’t overlap. The 

membrane is first blocked by washing twice in TBST and then placed in blocking buffer 

(dependent on primary antibody used) which either be 5% Milk or 5% BSA in TBST for 1 hr 

on a roller (Stuart Analogue tube roller, Bibby Scientific) at 4°C.  

2.5.7. Primary Antibody and secondary antibody 

Following the blocking process, proteins were probed on the PVDF membrane with specific 

primary antibodies (table 2.4). The blocking buffer was removed and primary antibody in 

its dilution buffer (either 5% Milk or 5% BSA in TBST depending on the antibody) at 4°C on 

a roller overnight. The membrane was then washed twice in TBST before incubating at 

room temperature for 1 hr on a roller with the secondary antibody in the blocking buffer 

used.  

2.5.8. Detection 

Imaging of the membranes was completed through a chemiluminescent imaging system 

(Molecular Imager ChemiDoc XRS with ImageLab 3.0 Software, Bio-Rad). Membranes were 

placed on clean acetate sheets. The Clarity Western ECL Substrate (Bio-Rad) reagents (1:1) 

were combined to make the chemiluminescent substrate which was then poured onto the 
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membranes ensuring the entire surface was covered and allowed to develop for 2 min. The 

membrane was then placed in the imaging system to be imaged. If re-probing was needed 

without stripping, the membrane was washed twice with TBST following imaging and then 

re-probed with the primary antibody as previously described. 

Table 2.4: Primary antibodies used for protein quantification  

Anti-

body 

host dilution Secondary  Catalogue 

number 

Supplier Blocking 

buffer 

Β-actin Rabbit 1:500 Anti-rabbit 

HRP 

4970 Cell Signaling 

Technology, Inc. 

5% BSA 

VEGF-

A 

Rabbit 1:500 Anti-rabbit 

HRP 

50661S Cell Signalling 

Technology, Inc. 

5% Milk 

HIF-1α mouse 1:1000 Anti-mouse 

HRP 

PA1-

16601 

Thermo Fisher 

Scientific Inc. 

5% Milk 

2.6.  Statistical Analysis 

All conditions were tested in triplicate (nreplicates = 3), and three independent experiments 

were carried out (ntests = 3) unless otherwise stated. Data are presented as average ± 

standard error of the mean. All graphs and statistical analysis were performed using 

GraphPad Prism 10 (Dotmatics, UK). The statistical test carried out for each dataset is 

specified in the figure captions. p <0.05 was considered statistically significant. Statistical 

tests carried out include two-way ANOVAs like Tukey's multiple comparisons test and 

Šídák's multiple comparisons. 
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3. Results  

The first aim of this project was to establish the spheroid formation protocol for heterotypic 

spheroids composed of A549 and MRC-5 cells with the goal of achieving reproducible 

spherical aggregates. Spheroid morphological parameters such as circularity can be used 

as a quantifiable parameter to measure the consistency of spheroids [15]. Factors that 

impact spheroid morphology and viability [93] and that were assessed in this project, 

included media composition, cell seeding density, culture time and the cell seeding ratio of 

A549 to MRC-5 cells. 

3.1. Co-culture optimisation  

3.1.1. Optimisation of cell media for co-cultures 

The effects of DMEM and MEM culture media on the viability of A549 and MRC-5 

homotypic spheroids were assessed using the CellTiter-Glo® luminescent cell viability assay 

(figure 3.1). This was done to ensure that the combination of growth media when seeding 

heterotypic spheroids had no effect on cell viability. The results show that there is no 

statistically significant difference between the different media types. However, a 

statistically significant difference was observed between the media type and the positive 

controls used (100 µM Tacrine, 120 µM Valinomycin and 10x lysis buffer).  
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 Figure 3.1: Viability of A549 cells (A) and MRC-5 cells (B). Relative luminescence was 
normalised to the negative control (Cells grown in DMEM for A549 cells and cells grown in 
MEM for MRC-5 cells). Valinomycin (Val), Tacrine (Tac) and lysis buffer (PT) were used as a 
positive control. Standard error of the mean was indicated with bars above each column 
and statistical significance compared to Valinomycin (where P<0.001). n=3, Statistical 
significance was determined using two-way ANOVA. 

3.2. Spheroid Morphology 

Morphology parameters such as circularity were used to develop the preselection protocol 

of spheroids that will be used in the following assays. Circularity was therefore a key 

morphological parameter assessed. Brightfield images captured using the Lionheart Fx 

microscope were assessed to generate circularity, solidity and diameter measurements in 

order to ensure spheroids used were consistent in size and shape.  

3.2.1. Brightfield images of spheroids captured using the Lionheart Fx microscope.  

FIJI and AnaSP were used to generate quantitative data from brightfield images of 

spheroids taken at multiple time points. As AnaSP is a software that has recently been 

developed, both FIJI and AnaSP were used to generate quantitative data. Initial spheroids 
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seeded with 1000 A549 cells produced spheroids that were extremely heterogeneous and 

inconsistent in shape (figure 3.2). As a result, viability of the spheroids was variable (as seen 

in section 3.5, figure 3.17 ). Research indicated that an increase in cell number could 

produce spheroids with more consistent morphology [15]. To establish what seeding 

density to use for future experiments, spheroids with cell densities of 1000, 2500 and 5000 

cells were seeded, and their morphology and viability were compared. 

Images show that A549 homotypic spheroids with initial cell densities of 1000 

cells/spheroid exhibit irregular and inconsistent morphology with protruding sections of 

cells (figure 3.2). Whilst MRC-5 homotypic spheroids using initial cell densities of 1000 

cells/spheroid exhibited relatively compact and circular spheroids (figure 3.3). 

Alternatively, spheroids of A549 cells with initial cell densities of 2500 and 5000 

cells/spheroid exhibited more consistent and circular morphology with fewer protrusions 

and more uniform shape (as seen in section 3.2.2, figure 3.7). Moreover, spheroids of A549 

cells with initial cell densities of 5000 cells/spheroid exhibited the most consistent and 

circular morphology. Spheroids of MRC-5 cells with initial cell densities of 2500 and 5000 

cells/spheroid exhibited similar morphology to A549 spheroids with fewer protrusions and 

a more uniform shape (figure 3.4). Consequently, all subsequent spheroids generated with 

A549 cells had an initial cell density of 5000 cells/spheroid. Heterotypic spheroids were 

then developed with varying ratios of A549: MRC-5 cells to evaluate their morphology 

(figures 3.5). Images of the heterotypic spheroids show that co-cultured cells aggregate 

faster than the A549 homotypic spheroids. Whilst morphological assessment of heterotypic 

spheroids indicated that the 5:2 ratio produced the most homogenous and circular shaped 

spheroids (figure 3.5), cell viability (section 3.3) indicated that cell viability of the 1:1 ratio 

was more consistent and yielded more viable spheroids than a ratio of 5:2. Therefore, 

heterotypic spheroids composed of A549, MRC-5 and HUVEC cells were grown at a ratio of 

1:1:1. Homotypic spheroids of HUVEC cells with initial seeding densities of 5000 cells/well 

were seeded to determine if HUVEC cells would form spheroids (figure 3.6B). Images 

indicated that HUVEC cells for compact spheroids are similar to those composed of MRC-5 

cells. However, at day 12 and 16, cell debris was observed, indicating viability of HUVECs in 

spheroids may be affected over time. Images of heterotypic spheroids composed of A549, 

MRC-5 and HUVEC cells (figure 3.6C) showed that cells aggregated faster than A549 

homotypic spheroids but slower than A549-MRC-5 heterotypic spheroids.  
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Figure 3.2: Representative images captured on the lionheart FX Microscope at 2h, 24 h, 4 
days 8 days, and 12 days of A549 (A) and MRC-5 (B) spheroids (1000 cells/spheroid) at a 
magnification of 4X, Scale bar = 1000 µm. 

Figure 3.3: Brightfield images of A549 spheroids with 1000 cells/well (A) 5000 cells/well(B) 
and 10 000 cells/well (C) taken at various time points using the Lionheart FX Automated 
Microscope at a magnification of 4X, Scale bar = 1000 µm 
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Figure 3.4: Brightfield images of MRC-5 spheroids with 1000 cells/well (A) 5000 
cells/well(B) and 10 000 cells/well (C) taken at various time points using the Lionheart FX 
Automated Microscope at a magnification of 4X, Scale bar = 1000 µm. 
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Figure 3.5: Brightfield images of A549-MRC-5 heterotypic spheroids with a ratio of 1:1 (A), 
2:1 (B), 5:2 (C), and 1:2 (D) taken at various time points using the Lionheart FX Automated 
Microscope at a magnification of 4X, Scale bar = 1000 µm. 
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Figure 3.6: Brightfield images of A549 spheroids (A), HUVEC spheroids (B) and Heterotypic 
spheroids composed of A549, MRC-5, and HUVECs (C) taken at various time points using 
the Lionheart FX Automated Microscope at a magnification of 4X, Scale bar = 1000 µm. 
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3.2.2. Spheroid Morphology Characteristics  

An initial assessment of spheroid circularity in A549 and MRC-5 homotypic spheroids 

showed that A549 spheroids exhibit higher circularity (0.74 to 0.978) than MRC-5 spheroids 

(0.71 to 0.88) (figure 3.7A and 3.7B). Circularity increased over time in both cell types, with 

the highest circularity observed at a seeding density of 5000 cells/well. However, both A549 

and MRC-5 spheroids exhibited decreased circularity at day 8, suggesting a loss of 

circularity during the growth phase. For heterotypic spheroids, different A549 cell ratios 

were evaluated. A 5:2 ratio yielded the highest mean circularity (0.83) on day 8, but a 1:1 

ratio showed the least variability across all parameters. Circularity, solidity, and diameter 

measurements for these spheroids, plotted in multivariate graphs (figure 3.8A and 3.8B), 

demonstrated that A549 spheroids show more variability and lower solidity than MRC-5 

spheroids, which are more compact but have lower circularity. Furthermore, the circularity 

solidity and diameter measurements of A549-MRC-5 heterotypic spheroids with varying 

ratios (figure 3.9) revealed that circularity and solidity was highest in all ratios at day 8. 

Subsequent tri-cultured heterotypic spheroids (A549, MRC-5, and HUVEC cells) with a 1:1:1 

ratio displayed consistent circularity over time, with the highest mean circularity of 0.87 at 

day 16 (figure 3.10).  In addition, the circularity, Solidity and Diameter measurements of 

A549-MRC-5-HUVEC heterotypic spheroids revealed that the solidity increases over time 

whilst circularity remained consistent overtime (figure 3.11). 
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Table 3.1: Summary of Spheroid Types and Circularity 

Spheroid 
Type 

Cell 
Ratio 

Circularity 
Range 

Time Point for 
Maximum 
Circularity 

Notes 

A549 
Homotypic 

N/A 0.74 to 0.978 
Day 4 (>0.9 
circularity) 

Higher circularity than 
MRC-5, variability 
observed at days 4, 8, and 
12. 

MRC-5 
Homotypic 

N/A 0.71 to 0.88 
Day 4 (>0.85 
circularity) 

Lower circularity than 
A549, does not reach 
>0.9, peaks at 0.88. 

A549: MRC-5 
Heterotypic  5:2 Up to 0.83 Day 8 

Highest circularity among 
ratios tested, with 
variability increasing by 
day 12. 

A549: MRC-5 
Heterotypic  1:1 

Consistent 
over time 

N/A 

Least variation across all 
parameters, 
recommended for future 
studies. 

Tri-cultured 
Heterotypic 

1:1:1 Up to 0.87 Day 16 

Includes A549, MRC-5, 
and HUVEC cells, more 
consistent circularity over 
extended time points. 
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Figure 3.7: Graphs displaying the circularity of different seeding densities of A549 (A) and 
MRC-5 (B) spheroids and different ratios of A549:MRC-5 (C) spheroids measured after 1, 4, 
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8, and 12 days of growth using AnaSP software. Data used to generate these results were 
from 3 independent 96-well plates with 12 spheroids per plate for each seeding density. 
Data are represented as mean ± SEM (nreplicates= 36). Statistical significance is indicated with 
* (p <0.05) **(p <0.01), ***(p <0.001) and ****(p <0.0001) , when statistical significance 
was not obtained (P >0.05) it has been indicated with ns. Statistical significance was 
generated using the two-way ANOVA and Tukey's multiple comparisons test in graph pad 
prism 10. 

Figure 3.8: 3D morphology graphs displaying the circularity, Solidity and Diameter 
measurements of homotypic A549 (A) and MRC-5 (B) spheroids (5000 cells/spheroid). The 
colour bar indicates growth time in days. Data used to generate these results were from 3 
independent 96-well plates with 12 spheroids per plate for each seeding density. Data are 
represented as mean ± SEM (nreplicates= 36).  
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Figure 3.9: 3D morphology graphs displaying the circularity, Solidity and Diameter 
measurements of A549-MRC-5 heterotypic spheroids with a ratio of 1:1 (A) 2:1 (B) 5:2 (C) 
and 1:2 (D). The colour bar indicates growth time in days. Data used to generate these 
results were from 3 independent 96-well plates with 12 spheroids per plate for each 
seeding density. Data are represented as mean ± SEM (nreplicates= 36). 
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Figure 3.10: Graph displaying the circularity of homotypic and heterotypic spheroids. Each cell line was seeded at a density of 5,000 cells per 
well, with a 1:1:1 ratio for all heterotypic spheroids. Data used to generate these results were from 3 independent 96-well plates with 12 
spheroids per plate for each seeding density. Data are represented as mean ± SEM (nreplicates= 36). Statistical significance is indicated with * (p 
<0.05) **(p <0.01) and ***(p <0.001) , when statistical significance was not obtained (P >0.05) it has been indicated with ns. Statistical 
significance was generated using the two-way ANOVA and Tukey's multiple comparisons test in graph pad prism 10.
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Figure 3.11: 3D morphology graphs displaying the circularity, Solidity and Diameter 
measurements of A549-MRC-5-HUVEC heterotypic spheroids. The colour bar indicates 
growth time in days. Data used to generate these results were from 3 independent 96-well 
plates with 20 spheroids per plate for each seeding density. Data are represented as mean 
± SEM (nreplicates= 36). 

 

3.3. Cell Number Quantification and Viability Using Flow Cytometry  

Flow cytometry analysis was used to quantify the proliferation of cells in homotypic and 

heterotypic spheroids to confirm that spheroids enter the cell growth phase at day 4. 

Additionally, propidium iodide(PI) staining was used to quantify the number of dead cells 

within the spheroids. 

The results confirm that initial seeding densities used to seed homotypic spheroids for both 

A549 cells and MRC-5 fibroblasts were approximately 5000 cells in 200 µL (figure 3.12). This 

demonstrated the accuracy of the cell-seeding technique used. Furthermore, results 

revealed that A549 spheroids exhibited an increase in cell number after 4 days of growth 

(figure 3.12A). However, cell numbers did not increase exponentially in accordance with 

the known doubling time of A549 cells. Furthermore, flow cytometry analysis of MRC-5 

spheroids revealed that cell numbers only increase slightly after 4 days of growth (figure 

3.12 B). MRC-5 cells have a slower doubling time than A549 cells so the reduced increase 

in cell number is in line with the MRC-5 cell line characteristics. In addition, PI staining 

indicated the viability of spheroids as cells stained with PI are deemed dead. For both A549 
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and MRC-5 cells, the percentage of cells stained with PI was less than 5% with the highest 

mean percentage of 4.56% of dead cells observed in 4 day old A549 homotypic spheroids 

(figure 3.13). In addition, the mean percentage of viable cells in A549-MRC-5 heterotypic 

spheroids grown for 4 days was lower in comparison to both A549 and MRC-5 homotypic 

spheroids. The mean percentage of viable cells was 80% in the heterotypic spheroids whilst 

the mean percentage of viable cells in the A549 and MRC-5 homotypic spheroids was 95.6% 

and 96.8%, respectively (figure 3.14). Furthermore, the comparison of A549, MRC-5 and 

A594-MRC-5 heterotypic spheroids grown for 4 days show that cell numbers in the 

heterotypic spheroids were higher than in the homotypic spheroids as expected (figure 

3.15). To further validate the results described above, an additional viability assay was 

carried out by Trypan Blue exclusion assay (section 3.4) and by ATP quantification using 

CellTiter-Glo® (section 3.5) 

Figure 3.12: Flow Cytometry Population Analysis of A549 and MRC-5 Cells. The mean 
number of events of A549 (A) and MRC-5 (B) cells per 200 µL (n=6). The number of live 
events were determined using Hoechst staining Green) and the number of dead events was 
determined using propidium iodide (PI) stain (red). Data used to generate these results 
were from 3 independent repeats with 3 spheroids per plate (nreplicates= 9).  
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Figure 3.13: Viability as a percentage generated from PI staining of A549 (A) and MRC-5 (B) 
cells. Statistical significance is indicated with **** (p <0.001), when statistical significance 
was not obtained (P >0.05) it has been indicated with ns. Statistical significance was 
generated using the two-way ANOVA and Šídák's multiple comparisons test in graph pad 
prism 10. 

Figure 3.14: Viability as a percentage generated from PI staining of 4 day old A549-MRC-5 
heterotypic spheroids compared to 4 day old homotypic spheroids (5000 cells/well/cell 
line). Statistical significance is indicated with **** (p <0.001), when statistical significance 
was not obtained (P >0.05) it has been indicated with ns. Statistical significance was 
generated using the two-way ANOVA and Šídák's multiple comparisons test in graph pad 
prism 10. 
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Figure 3.15: Flow Cytometry Population Analysis of A549 and MRC-5 spheroids. The mean 
number of events of A549 and MRC-5 spheroids (5000 cells per spheroid seeded) compared 
to the heterotypic spheroids (Ratio of 1:1, maintaining an A549 cell density of 5000) (n=6). 
The number of live events were determined using Hoechst staining (Blue) and the number 
of dead events were determined using propidium iodide (PI) stain (red). 

 

3.4. Cell viability using Trypan Blue Exclusion  

Cell viability was assessed using the trypan blue exclusion. Trypan blue dye solution stains 

dead cells blue without affecting the viable cells. Using a haemocytometer, live and dead 

cells were counted, and the percentage of viable cells was calculated. The cell count used 

for seeding spheroids was recorded and viability was calculated and displayed as time point 

0 days in the below graph (figure 3.16). Each dissociated spheroid, grown for 4, 8 and 12 

days, underwent trypan blue staining and was counted in a haemocytometer twice. Results 

indicate that viability decreases over time for A549 homotypic spheroids and A549-MRC-5 

heterotypic spheroids. However, interestingly with tri-cultured heterotypic spheroids, the 

percentage viability decreased to 72% in spheroids grown for 4 days but increased to 76% 

in spheroids grown for 12 days. It is important to note that at the 0 day time point, cell 

viability was not 100%, this may be due to normal cell culture procedures such as some 

cells dying due to exposure to trypLE, overcrowding within the culture flask or passive cell 

death.  
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Figure 3.16: Cell viability as a percentage (%) derived from the trypan blue exclusion of 
A549 homotypic spheroids and A549/MRC-5 and tri-cultured heterotypic spheroids. Data 
used to derive the results were from two cell counts per spheroid, three spheroids per 
repeat and 3 independent repeats in total (nreplicates = 9). Statistical significance is indicated 
with **** (p <0.0001), when statistical significance was not obtained (P >0.05) it has been 
indicated with ns. Statistical significance was generated using the two-way ANOVA and 
Tukey's multiple comparisons test in graph pad prism 10. 

 

3.5. Cell Viability using ATP Quantification using CellTiter-Glo® 

Cell viability was assessed using ATP quantification using CellTiter-Glo® luminescent cell 

viability assay. Relative luminescence is indicative of the amount of ATP generated by the 

cells and is indicative of viability, the higher the luminescence, the more ATP the higher the 

number of viable cells.  

The results shown in figure 3.17 indicate that relative ATP luminescence was higher for 

spheroids with initial seeding densities of 5000 cells than 2500 and 1000 cells/spheroid 
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(figure 3.17A). Additionally, relative ATP luminescence increased as time increased for both 

A549 and MRC-5 cells. However, MRC-5 cells have a significantly lower relative ATP 

luminescence compared to A549 cells (figure 3.17B). Furthermore, relative ATP 

luminescence of heterotypic spheroids showed less variability at a ratio of 1:2 (A549: MRC-

5) and 5:2, whilst the relative luminescence of 1:1 and 2:1 showed more variation (higher 

standard deviation) (figure 3.18). Moreover, results indicated that an increase in relative 

luminescence occurred as time increased for heterotypic spheroids at a ratio of 1:1, 2:1 and 

1:2. Additionally, the relative ATP luminescence of tri-cultured heterotypic spheroids was 

conducted. Results indicate that relative ATP luminescence increased over time in line with 

the A549-MRC-5 heterotypic spheroids with a ratio of 1:1 (figure 3.19). Consequently, 

CellTiter-Glo® luminescent cell viability assay showed that ATP was produced stably over 

time for all culture types. 

Figure 3.17: Graph displaying the mean relative ATP luminescence of A549 (A) and MRC-5 
(B) spheroids seeded at different densities. Data used to generate these results were from 
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3 independent 96-well plates with 3 spheroids per plate for each seeding density 
(nreplicates=9). Statistical significance is indicated with * (p <0.05), when statistical 
significance was not obtained (P >0.05) it has been indicated with ns. Statistical significance 
was generated using the two-way ANOVA and Tukey's multiple comparisons test in graph 
pad prism 10. 

Figure 3.18: Graph displaying the mean relative ATP luminescence of A549 and MRC-5 
heterotypic spheroids at varying rations of A549:MRC-5 cells.Data used to generate these 
results were from 3 independent 96-well plates with 3 spheroids per plate for each seeding 
density. Statistical significance is indicated with * (p <0.05) or ** (p <0.01), when statistical 
significance was not obtained (P >0.05) it has been indicated with ns. Statistical significance 
was generated using the two-way ANOVA and Tukey's multiple comparisons test in graph 
pad prism 10. 
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Figure 3.19: Graph displaying the mean relative ATP luminescence of tri-cultured 
heterotypic spheroids at different time points. Data used to generate these results were 
from 3 independent 96-well plates with 3 spheroids per plate for each seeding density. 
Statistical significance is indicated with * (p <0.05) or *** (p <0.001), when statistical 
significance was not obtained (P >0.05) it has been indicated with ns. Statistical significance 
was generated using the two-way ANOVA and Šídák's multiple comparisons test in graph 
pad prism 10. 

3.6. Internal characteristics using Immunofluorescent microscopy. 

Whilst spheroid morphological analysis has provided some insight into the external 

characteristics of spheroids, internal structure and features including biological activity 

need to be assessed. Immunofluorescent microscopy was used to visualise the expression 

of specific proteins including Antigen Kiel 67 (Ki-67) and Alpha smooth muscle actin (α-

SMA). Images of spheroids stained with Ki-67 show that after 4 days of growth, homotypic 

and heterotypic spheroids express Ki-67 (figure 3.20). In A549 homotypic spheroids and tri-

cultured heterotypic spheroids, Ki-67 is spread throughout the spheroid indicating that 

cells are proliferating throughout the spheroid. However, in MRC-5 homotypic and A549-

MRC-5 heterotypic spheroids, Ki-67 is localised towards the outer rim. This indicates that 

the spheroids at day 4 have developed an inner core of non-proliferating cells and an outer 

core of proliferating cells.  

Alpha smooth muscle actin (α-SMA) is exclusively expressed by MRC-5 cells and 

consequently can be used as an indicator of MRC-5 presence and localisation within a 
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spheroid. Images in figure 3.21 show spheroids stained for α-SMA revealed that A549 

homotypic spheroids express no α-SMA whilst MRC-5 homotypic spheroids and A549-MRC-

5 heterotypic spheroids and tri-cultured heterotypic spheroids express α-SMA localised 

towards the rim of the spheroid (figure 3.21). Furthermore, to determine if the number of 

MRC-5 cells seeded affects the expression of α-SMA, A549-MRC-5 heterotypic spheroids 

with a ratio of 2:1 A549s: MRC-5s were stained for α-SMA. Images show that the intensity 

of α-SMA staining was reduced in the 2:1 ratio in comparison to the 1:1. Therefore, α-SMA 

expression is dependent on the number of MRC-5 cells present.  

To further assess the internal features of spheroids, CD31 and HIF-1α were used to indicate 

the presence and localisation of HUVEC cells and hypoxia, respectively. The expression of 

CD31 is restricted to ECs, tri-cultured heterotypic spheroids stained with anti-CD31 show 

that at 4 days, HUVEC cells are spread throughout the spheroid (figure 3.22). Tri-cultured 

heterotypic spheroids grown for 8 days have a reduced expression of CD31 which is 

localised towards the outer rim of the spheroid. However, spheroids grown for 12 days 

show more CD31 expression localised to the outer rim than spheroids grown for 8 days.  

Finally, spheroids were assessed for the expression of HIF-1α, an indicator of hypoxia. 

Images show that HIF-1α is expressed in A549 homotypic spheroids, A54-MRC-5 

heterotypic spheroids and tri-cultured heterotypic spheroids after 4 days of growth (figure 

3.23). The intensity of HIF-1α stain in the tri-cultured heterotypic spheroids was higher than 

that seen in the A54-MRC-5 heterotypic spheroids, whilst the intensity seen in A549 cells 

was the lowest. 
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Figure 3.20: Representative Confocal images of A549, MRC-5, and heterotypic spheroids 
stained with Hoechst (blue), Rhodamine phalloidin (Red), and Ki-67 (Green). Images were 
captured using a magnification of 10X. Scale bar = 100 µm  
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Figure 3.21: Representative Confocal images of 4 day old A549, MRC-5, and heterotypic 
spheroids stained with Hoechst (Blue), Rhodamine phalloidin (Red) and α-SMA (Green). 
Images were captured using a magnification of 10X. Scale bar = 100 µm  
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Figure 3.22 : Representative Confocal images of 4 day old A549, MRC-5 and heterotypic 
spheroids stained with Hoechst (Blue), Rhodamine phalloidin (Red) and CD31 (Green). 
Images were captured using a magnification of 10X. Scale bar = 100 µm. 

Figure 3.23 : Confocal images of 4 day old A549, MRC-5 and heterotypic spheroids stained 
with Hoechst, Hoechst (Blue), Rhodamine phalloidin (Red) and HIF-1α (Green). Images 
were captured using a magnification of 10X. Scale bar = 100 µm. 
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3.7. Confirmation of VEGF-A and HIF-1α expression using western 

blot. 

Protein analysis was conducted to quantify the expression of HIF-1α and VEGF-A using 

western blotting (figure 3.24). A total of 16 Tri-cultured heterotypic spheroids at different 

time points were lysed to conduct a western blot. Results show that HIF-1α is slightly 

present in spheroids grown for 4 and 8 days whilst peaking at 12 days but remaining present 

at 16 days of growth. Furthermore, VEGF-A was present at all time points. However, as the 

western blot is an image of one experimental replicate, no quantitative date was 

extractable. 

Figure 3.24: Western blot for HIF-1α and VEGF-A. Cell lysates were harvested from 16 tri-

cultured heterotypic spheroids grown for 4,8,12 and 16 days. HIF-1α bands were located 

at approximately 90 kDa and VEGF-A bands were located at approximately 20 kDa. Image 

shown is of 1 single gel used to probe for HIF-1α and VEGF-A
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4. Discussion  

Spheroids are aggregated structures which can be formed by multiple cells that can 

resemble some of the architecture and biological characteristics of solid tumours. It is well 

established that spheroids have a hypoxic core that often becomes necrotic as a result [16]. 

Spheroids are becoming an increasingly popular method for 3D cell culture. Research into 

new in vitro models that can better mimic in vivo environments has also grown in 

popularity. To develop more complex models, such as lung on a chip or microfluidic models 

that incorporate shear stress and flow, the co-culture of several cell lines into spheroids 

can be seen as one way to increase complexity. 

Tri-cultured heterotypic spheroids provide an advanced approach to increasing the 

complexity of in vitro tumour models through the incorporation of multiple cell types, 

allowing for better mimicry of the TME. This allows research into the signalling between 

cancer cells, endothelial cells, and stromal cells, which is crucial for understanding the 

regulation of angiogenesis. Whilst homotypic spheroids have proven beneficial, 

heterotypic spheroids that incorporate endothelial cells have shown enhanced utility in 

angiogenesis assays [46]. Studies using spheroids in combination with other models such 

as the lung on a chip model have been successful, developing novel techniques that can be 

used to build on the complexity of  in vitro culture systems [94, 95]. Due to their increased 

complexity, tri-cultured spheroids therefore serve as a valuable step between traditional 

spheroid models and more advanced microfluidic tumour-on-a-chip systems, contributing 

to the development of robust and reproducible in vitro platforms for studying NSCLC 

angiogenesis and therapeutic response [96]. Whilst spheroids provide a simple precursor 

to these more advanced models, they still providing more physiologically relevant 

information than traditional 2D cell cultures[13, 28]. Spheroid characteristics such as the 

hypoxic core can benefit more complex models developed to investigate angiogenesis, as 

the hypoxic core is one of the first steps in stimulating the angiogenic cascade. As tumour 

angiogenesis plays a significant role in tumour progression and therapeutic response, 

increased angiogenesis in NSCLC patients often correlates to a poorer prognosis [97]. Novel 

preclinical models that can mimic tumour angiogenesis in NSCLC are being explored as a 

result of current therapies showing limited clinical benefits [98].  
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Tumour angiogenesis is typically stimulated due to the lack of nutrients and oxygen within 

the tumour and is often triggered by hypoxia [70, 74, 99]. The development of a hypoxic 

core within spheroids means that they have the potential to stimulate angiogenesis within 

a more complex model so that novel treatments can be tested. However, few studies 

effectively evaluate or preselect spheroids based on their overall morphological 

characteristics, such as circularity, compactness, solidity, volume or size. Zanoni et al 

showed that the overall spheroid morphology can affect the internal characteristics and 

biological responses of spheroids (figure 6.1). This should be a significant factor to consider 

when developing a more complex model specific for tumour angiogenesis research [15, 

100, 101]. Inconsistency in spheroid morphology and size can introduce inaccuracies 

particularly when evaluating therapeutic response. This is due to larger spheroids having 

multiple cell layers, with the core experiencing reduced oxygen, nutrients and growth 

factors [15, 16]. Furthermore, misshapen spheroids can have differences in the surface area 

in the outer core of the spheroids; thus affecting the viability of cells throughout the 

spheroid as well as the gradient of growth factors including angiogenic factors within the 

spheroid [15, 16]. 

Figure 6.1: The impact of spheroid shape on Viability and shows the relationship between 
shape and viability of cells. Where A shows the inner ring of dead/necrotic cells, a mid ring 
of quiescent cells and an outer ring of proliferating cells, B shows a live, spherical spheroid 
imaged with light sheet fluorescence microscopy (LSFM, Lightsheet Z.1, Zeiss). 
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Green = calcein-positive (live) cells; red = ethidium-positive (dead) cells. Scale bar = 0.2 m. 
C shows that variability in tumour shape results in alterations to the inner core size and 
thickness of the outer layers. D shows the cell viability of spheroids with a homogenous 
volume but different shapes (spherical vs non-spherical) using CellTiter-Glo®3D Cell 
Viability assay. (Zanoni et al., 2016) [15]. 

These differences in size and shape can therefore affect the hypoxic core and diffusion 

distances which can impact drug penetration and thus influence dose-response 

characteristics [15, 16]. For example, a drug may be less effective in larger spheroids due 

to its inability to diffuse uniformly throughout the spheroids, whereas in smaller spheroids 

or less compact spheroids, it may be more potent [102, 103]. Additionally, the size 

variability of spheroids can affect experimental consistency. Large spheroids typically 

contain a higher density of cells and thus require a higher drug concentration to achieve 

the same therapeutic effect as seen in smaller spheroids. The inconsistency in size can 

therefore skew experimental outcomes, making it challenging to establish reliable and 

reproducible dose-response relationships [102-104]. Therefore, the characterisation and 

selection of spheroids with consistent morphology are necessary to develop reliable and 

predictive 3D cell culture models for drug development. Additionally, for the development 

of models that are more complex than 3D spheroids, such as microfluidic devices, the 

preselection of spheroids at specific time points that are in the same growth phase and 

similar circularity can be crucial in limiting the variation in the model formed. By controlling 

the initial seeding density and cell ratios, and selecting spheroids of a specific size, 

circularity and solidity, researchers should be able to develop a robust complex model, such 

as microfluidic devices, that can mimic NSCLC angiogenesis [15, 33, 100, 101, 105, 106]. For 

example, Hirschhaeuser et al suggest that A549 spheroids grown in ULA plates respond 

differently to cisplatin dependent on spheroid size [107]. Spheroids with a diameter over 

400 µm showed lower cisplatin sensitivity in comparison to spheroids under 200 µm. It was 

suggested that this was due to limited drug penetration into the spheroid core of larger 

spheroids. Thus smaller spheroids with a higher surface area to volume ratio allowed 

efficient drug diffusion in comparison to larger spheroids [106]. However, Riffle et al 

demonstrated that large spheroids can be useful in researching hypoxic regions within the 

spheroid and how this can regulate tumour angiogenesis through HIF-1 α. The large 

spheroid size is therefore essential in creating the hypoxic gradient within the spheroid and 

how this can trigger angiogenic pathways [108].  
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Figure 6.2: Image showing the development of hypoxia in growing spheroids. Images show 
immunostaining of A673 and LLC spheroids. Spheroid cryo-sections were stained for the 
hypoxia marker pimonidazole (red) and indicates the hypoxia development at different 
sizes in the central core. Cells were counter stained with Hoechst 33342. ( Riffle et al., 
2017)) [108]. 

My project demonstrates that assessing the three morphological characteristics of 

spheroids, namely circularity, solidity and diameter, to develop a preselection method 

ensures spheroids generated have a circularity of 0.8 or higher, a solidity of 0.4 or higher 

and a diameter of 400 µm or higher. Whilst previous research has suggested that spheroids 

with a diameter over 400 µm have lower sensitivity to therapeutics due to limited drug 

penetration, this is a necessary requirement for spheroids that will be used in a more 

complex model, like microfluidic devices, to research NSCLC angiogenesis [106, 108]. This 

selection criteria was then used to select spheroids for subsequent assays. Consequently, 

the results generated following this preselection were less variable. This was in line with 

the study conducted by Zanoni et al which showed that through the use of a preselection 

method to control the circularity and volume of spheroids, variability in subsequent 

cytotoxicity assay was reduced [15]. Furthermore, Gunay et al showed that preselecting 

spheroids based on uniform size and shape reduces variability in drug resistance assays 

[101]. Larger and irregular spheroids were found to exhibit higher drug resistance. 

However, through the use of a selection method, which standardised spheroid size, more 

reliable and consistent results were achieved. This further supports the findings of my 
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project which demonstrated that controlling spheroid morphology characteristics can 

improve reproducibility.  

Having confirmed the growing evidence shown in literature, in my work, I have also shown 

that cell type, cell densities and culture time affect the morphology of spheroids. 

Understanding how cell type, cell density and culture time can affect morphology can 

enable researchers to select spheroids with the most physiologically relevant phenotype 

depending on the research being carried out. For example smaller spheroids (less than 200 

µm) for dose-response testing or larger spheroids (more than 400 µm) for researching 

hypoxia. Predicting the spheroid morphology by controlling these parameters can enable 

the development of more consistent and reliable 3D models to be generated [84]. 

For instance, in the results presented when using the MRC-5 cells, I showed that these cells 

produced spheroids with a rounder, smoother edge compared to A549 cells for the same 

seeding densities. Interestingly, this may be due to the production of collagen by MRC-5 

cells which assist cell aggregation and the formation of the ECM as presented in a previous 

work by Zuchowska et al. [79]. The ECM has been shown to regulate several processes 

including proliferation and migration, and thus ECM production by MRC-5 cells within the 

heterotypic spheroid could play an important role in the resulting angiogenic potential of 

the spheroids [109].  Cross-talk between cancer cells and stromal cells is a critical regulator 

of angiogenesis, as shown by the upregulation of proangiogenic factors like VEGF within 

these 3D models [74]. Whilst homotypic spheroids of MRC-5s may have altered ECM 

protein secretions due to being cultured in 3D, compared to 2D, it is possible that the 

heterotypic spheroids have completely different alterations to ECM proteins due to the 

cross talk between cancer and stromal cells [74, 110]. 

In my study, homotypic spheroids of different cell densities were initially assessed to 

determine what cell density produced the most consistent morphology as cell density is 

one of the factors that can introduce variability in spheroid morphology [15, 100, 101, 105]. 

My results showed that spheroids consisting of lower cell densities are more variable and 

have a lower overall circularity compared to spheroids with a higher seeding density. A 

study by Białkowska et al showed that spheroids seeded with lower cell densities show 

greater variability in size and shape and often have lower circularity. It was suggested that 

this inconsistency was as a result of reduced cell-cell interactions and incomplete 

aggregation, an outcome observed more prominently at lower seeding densities[111]. 
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Consequently, results observed in my project are in line with this work and further support 

the suggestion that lower seeding densities produce spheroids with more variability in size 

and shape. Thus reinforcing the significance of optimising cell seeding densities when 

developing novel models to research NSCLC angiogenesis.  

Results obtained in my project therefore shows that by taking into account the analysis of 

the overall spheroid circularity, solidity and diameter, A549 homotypic spheroids of 5000 

cells/spheroid can generate spheroids with less variation in the circularity, solidity and 

diameter (figure 3.8 and 3.9). This highlights the importance of using morphology 

characteristics as a robust indicator for selecting suitable spheroids for further testing, such 

as drug response evaluations. Furthermore, as previously discussed, selecting the most 

suitable characteristics that produce spheroids which have the most relevant physiology 

depending on the type of research question is important to consider. In my project, as 

spheroids were being assessed as the basic building blocks that would be used to develop 

a more complex model like lung-on-a-chip or microfluidic devices, larger spheroids that had 

developed a hypoxic core were required. As such, the parameters for inclusion were set to 

a circularity of 0.8 or higher, a diameter of 400 µm or more and a solidity of 0.4. These 

spheroids would be large enough to have a hypoxic core, consistency in circularity 

regulated the surface area to volume ratio and the low solidity, which is indicative of 

proliferation, showed that spheroids were in the growth phase and more likely to have 

developed a hypoxic core.  

Additionally, using this assessment method, differences between the morphological 

characteristics of A549 and MRC-5 homotypic spheroids were observed. MRC-5 spheroids 

aggregated faster, this can be seen in the multivariate graphs (figure 3.8) which shows that 

MRC-5 spheroids are more compact and smaller than A549 spheroids, whilst A549 

spheroids showed higher circularity measurements. Furthermore, A549 spheroids 

exhibited more variation which is in line with observations by Zanoni et al and Saleh et al. 

They suggest that the variation in A549 spheroids is dependent on cell density and the 

technique used for spheroid formation [15, 87]. Additionally, Zuchowska et al suggest that 

MRC-5 cells have an enhanced ability to aggregate due to their capacity to secrete collagen 

for ECM formation [79]. The results observed in my project support this suggestion as MRC-

5 spheroids aggregated faster and formed more compact spheroids.  
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As reported in the literature, there is disagreement in the ratio of lung fibroblasts to NSCLC 

cells forming the TME. The specific ratios used often depend on the functional outcomes 

required for the experiment. For instance, Vicent et al showed that the presence and 

density of fibroblasts can impact tumour behaviour through the use of NSCLC cell lines in a 

mouse model. They further showed that the CAF phenotypes that influence NSCLC function 

differently depending on their proportions [112]. Additionally, variability in fibroblast-to-

cancer cell ratios in co-culture models was shown by Mei et al through the use of 3D 

bioprinting lung cancer models to emphasise the different ratios of fibroblasts to NSCLC 

cells. In this study, specific ratios were chosen based on the required simulation of the 

tumour’s physiological characteristics [113]. Whilst variability is seen in these ratios, 

Amann et al suggest that NSCLC typically contains a higher proportion of tumour cells to 

stromal cells [35]. This was shown by culturing a higher proportion of fibroblasts with 

tumour cells and observing the change in fibroblasts after 10 days. The results showed that 

there was 19% more tumour cells than fibroblasts [35]. However, they also further highlight 

the pivotal role of fibroblasts in tumour progression and angiogenesis in the TME. Once the 

optimal number of fibroblasts was determined, Amann et al found that fibroblasts 

significantly enhance both tumour growth and vascular formation [35]. Thus highlighting 

the influence of fibroblasts in the TME and indicating that fibroblasts are crucial for 

replicating angiogenesis in vitro.  This intriguing aspect led to the investigation of the 

relationship between various cell density ratios and morphological characteristics (such as 

circularity and solidity) to be assessed in my work when co-culturing heterotypic spheroids 

of A549 and MRC-5 cells. As presented in the results section, the morphology assessment 

of spheroids using circularity and solidity revealed that A549-MRC-5 heterotypic spheroids 

aggregated faster than A549 homotypic spheroids but slower than the MRC-5 homotypic 

spheroids (figure 3.8 and 3.9). This further supports the suggestion that MRC-5 cells 

aggregate fast due to the expression of ECM proteins. In addition, solidity, the measure of 

the smoothness of the spheroid, can be indicative of cell proliferation and thus indicates 

spheroids are in the growth phase. A549 homotypic spheroids show high variability in all 3 

morphology parameters (circularity, solidity and diameter) in comparison to MRC-5 cells 

(figure 3.8A and 3.8B). The results obtained by assessing these parameters indicate that by 

12 days, A549 homotypic spheroids are compact and have fewer proliferating cells on the 

outer rim in comparison to 1, 4 and 8 day old spheroids. As previously discussed, the faster 

aggregation of MRC-5 cells compared to A549 cells can be associated with their role in 
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promoting cell-cell adhesions and production of the ECM [112]. The high variability seen in 

A549 spheroids aligns with Amann et al who show that tumour cells form a more irregular 

structure when mono-cultured, whereas when co-cultured with fibroblasts a more 

consistent and smooth spheroid shape was observed [35]. In addition, the reduced 

proliferation in A549 cells in A549 homotypic spheroids seen after 8 days is in line with 

known growth dynamics of spheroids where nutrient diffusion is limited [107, 114, 115]. 

This is indicative of an increase in the hypoxic condition which typically slows cell 

proliferation in the outer layers of older and larger spheroids [107, 114, 115]. Thus, the 

relationship between cell density ratios, spheroid morphology (including circularity, solidity 

and size) and spheroid aggregation observed in my work is in line with the existing literature 

and further highlights the significant role fibroblasts have in tumour progression and 

angiogenesis.  

Known growth dynamics of spheroids suggest that spheroids with reduced proliferation at 

the outer rim are often in the growth phase and thus more likely to have a hypoxic core 

[114-116]. The morphological characteristics assessed in my work, namely circularity, 

solidity and diameter, can be together used as an indicator for spheroids that are large 

enough to have reached the phase at which proliferation has reduced at the outer rim and 

are therefore have a hypoxic inner core. However, these morphological characteristics are 

indicative and need to be supported with hypoxia assessments to definitively confirm that 

a hypoxic core has formed. Furthermore,  research suggests that ECs incorporated into 

heterotypic spheroids to develop the tri-cultured spheroids can promote angiogenesis-

associated signalling and lead to the formation of vascular-like structures within the 

spheroid [47, 74, 110]. The incorporation of endothelial cells into the spheroid can enhance 

the hypoxic regions and pro-angiogenic signalling within the spheroid [9] 

Zhang et al show that spheroids have an increase in ATP production as they mature over 

time. This was revealed using a DNA-based nano-sensor, which allows continuous 

monitoring without disturbing the growth process, to monitor ATP levels in spheroids over 

extended periods of time [117]. They discovered that as spheroids increase in size, the 

metabolic activity of the cells increases, thus resulting in higher ATP production to meet 

the energy demands of the proliferating cells [117]. Furthermore, this highlighted that as 

spheroids mature and develop more complex structures such as a hypoxic or necrotic core 

where the metabolic need switches from oxidative phosphorylation to glycolysis to 
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compensate for the lack of oxygen, a phenomenon often referred to as the Warburg effect 

[118], a steady rise in ATP levels is observed. This is necessary to sustain cell function as the 

spheroid further increases in size and creates a more physiologically relevant environment 

specifically beneficial for studying phenomena like angiogenesis. Therefore, ATP 

assessment of spheroids can be beneficial as it indicates the viability of cells and can be 

indicative of the physiological state of the 3D structure, highlighting the metabolic capacity 

of the spheroid model [81]. ATP assessment using CellTiter-Glo® 3D Cell Viability Assay 

showed that the production of ATP was stable throughout all culture types (figures 3.17 

3.18 and 3.19), indicating consistent cell growth over time. The ATP levels were comparable 

across all cell ratios, with the 5:2 (A549:MRC-5) ratio generating slightly higher levels of ATP 

production compared to the other ratios. Through the evaluation of spheroid morphology 

and metabolic activity, my research has demonstrated the importance of developing 

standardised and reproducible spheroids that can then be used to develop 3D tumour 

models like lung-on-a-chip for robust preclinical testing. The findings from my work 

highlight that by controlling key parameters such as cell type, seeding density and co-

culture ratios, it is possible to generate homotypic and heterotypic spheroids with 

consistent size, shape, and metabolic profiles that can mimic the TME which supports the 

findings in the literature [119].  

Flow cytometry results obtained in my project emphasize the differences in cell 

proliferation between A549 and MRC-5 spheroids, this is in line with published literature 

which shows that proliferation rates in 3D cultures are altered. Results revealed that the 

number of A549 and MRC-5 homotypic spheroids did not follow the expected doubling 

time for A549 cells (figure 3.12), supporting prior research that demonstrates reduced 

proliferation in 3D spheroid cultures compared to 2D monolayers [120, 121]. The deviation 

from typical growth rates highlights the impact that the 3D environment has on tumour 

behaviour which supports the findings observed by Fischbach et al [122]. The techniques 

used, including flow cytometry, trypan blue and ATP luminescence assays, have provided 

key insights into the growth dynamics of these spheroids. Specifically, flow cytometry and 

trypan blue confirmed that while cell numbers did not expand in line with standard 

doubling rates, relative ATP luminescence increased over time in both A549 and MRC-5 

spheroids (figures 3.12, 3.15, 3.16, and 3.17), suggesting ongoing proliferation. This 

indicates that, as ATP production is an indirect measure of cell viability, viable cells continue 

to increase despite the lower than expected proliferation rates which is in line with the 
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research conducted by Zang et al as previously discussed [117]. However, the significantly 

lower ATP luminescence in MRC-5 spheroids suggests that non-tumorigenic cells, like MRC-

5, have lower metabolic activity compared to tumorigenic A549 cells, consistent with the 

findings by Farah et al on increased metabolic needs in cancer cells [123, 124]. My work 

indicated that A549 spheroids exhibited a higher number of dead cells as shown through 

PI staining (figure 3.13) which supports the suggestion that larger spheroids (more than 

400 µm) can develop a necrotic core [114, 123]. This may be due to the higher proliferation 

rate of A549 cells which results in the faster expansion in size of the spheroid (as observed 

in the morphology assessment) which ultimately results in the faster formation of a 

necrotic core in comparison to the MRC-5 spheroids. This suggests that the higher 

metabolic demand of A549 cells and the limited diffusion due to the increased spheroid 

size drives the formation of a necrotic core. This is in line with previous research which 

indicates that a necrotic core is a common feature in solid tumours and can be replicated 

by larger spheroids [107]. The differences observed in metabolic activity and proliferation 

demonstrated through flow cytometry, trypan blue exclusion and the ATP CellTiter-Glo® 

3D Cell Viability Assay provide some understanding of how the proliferation and metabolic 

needs vary between tumourigenic and stromal homotypic spheroids.  

Findings obtained in my project can provide insights into the proliferation and localisation 

of cells within spheroids using immunofluorescence staining. Through the use of an anti-Ki-

67 antibody, the localisation of cell proliferation within the spheroids was revealed (figure 

3.20). Ki-67 is a widely recognised marker for cellular proliferation, seen at all stages of the 

cell cycle, and its presence and localisation provide valuable information about where cells 

are proliferating within the spheroid structure [16, 125]. It is well established that spheroids 

develop an inner hypoxic/necrotic core surrounded by a proliferating outer edge [16, 107, 

115]. Images of Ki-67 staining in MRC-5 homotypic and A549-MRC-5 heterotypic spheroids 

showed that Ki-67 was predominantly observed at the outer rim. However, A549 

homotypic and tri-cultured heterotypic spheroids showed Ki-67 staining throughout the 

spheroid structure, suggesting active proliferation across the entire spheroid. This 

observation could be explained by the relatively young age (4 days) of the spheroids, as 

older spheroids are more likely to develop a hypoxic core, limiting proliferation to the outer 

rim. 
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To investigate the activation and localisation of fibroblasts into CAFs, immunofluorescent 

staining with anti-α-SMA was conducted. Images (figure 3.21) show that green 

fluorescence was present in MRC-5 homotypic and heterotypic spheroids, indicating the 

presence of activated α-SMA-positive fibroblasts, which is consistent with previous studies 

showing that fibroblasts in a tumour microenvironment often transition into CAFs [126]. 

The intensity of α-SMA staining was notably higher in heterotypic spheroids, suggesting 

that the interaction between A549 and MRC-5 cells may enhance the activation of 

fibroblasts into CAFs. These findings align with prior research, which has shown that CAFs 

play a key role in promoting tumour progression and can aid in remodelling the ECM. [127].  

In addition, CD31 staining was used to evaluate the presence of HUVEC cells and their 

localization within the tri-cultured spheroids. CD31 is a well-established marker for 

endothelial cells and is commonly used to study angiogenesis [128]. Donovan et al 

demonstrated that ECs, such as HUVECs, consistently localise to the outer regions of 

spheroids and can form capillary-like structures. [129]. Additionally, Saibene et al used a 

tetra-culture model with ECs to show the localisation of CD31 which was limited to ECs 

within the co-culture [34]. Similar to the CD31 staining results observed in tri-cultured 

spheroids used in my project, where CD31 was expressed predominantly at the outer rim 

of spheroids indicating. Both these models highlight the importance of CD31 in assessing 

endothelial integrity and cell interactions in multi-cell type systems. This is supported by 

the images of anti-CD31 stained spheroids in my work where CD31 expression was localised 

to the outer rim of tri-cultured heterotypic spheroids (figure 3.22). This suggests that the 

tri-cultured spheroids may be promoting early stages of angiogenesis. However, further 

quantification and characterisation of the potential vascular network formed within the 

spheroids needs to be done to determine the angiogenic potential of this model. However, 

Lamichhane et al. developed spheroids composed of endothelial cells, lung epithelial cells 

and mesenchymal stems cells showed that the epithelial cells were not present within the 

inner core whilst a small population of endothelial cells where found close to mesenchymal 

stem cells and were present in the inner core [130]. Indicating that it is possible to for 

endothelial cells to penetrate the inner core of spheroids.  

In addition, anti-HIF-1α staining was conducted to visualise if 4 day old spheroids develop 

a hypoxic core. Muz et al indicate that spheroid size correlates with an increase in hypoxia 

[131]. Additionally, Friedrich et al also demonstrated that larger spheroids tend to develop 
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more pronounced hypoxic regions due to diffusion limitations [132]. Furthermore, as 

previously described, spheroids tend to form a proliferating outer rim with a hypoxic core 

[114-116]. This is supported by my work which shows that images of A549 homotypic, 

A549-MRC-5 heterotypic, and tri-cultured heterotypic spheroids after 4 days of growth 

(figure 3.23) expressed HIF-1α. The intensity of staining varied amongst the spheroid types 

with the heterotypic spheroids exhibiting more HIF-1α staining compared to homotypic 

spheroids. This may be due to the larger size and increased cell number seen in heterotypic 

spheroids in comparison to homotypic spheroids. This highlights the significance of cell 

density and morphology in the formation of the hypoxic cores, a key factor in tumour 

biology.  

Evidence in the literature suggests that HIF-1α quantification is commonly used to 

investigate the hypoxic status of spheroids [108]. As demonstrated by Riffle et al, cells 

within the core of larger spheroids become deprived of oxygen, resulting in an upregulation 

of HIF-1α to mediate the cellular response to hypoxia [108]. In my results, despite their 

preliminary nature, I show that HIF-1α can be detected using western blotting, highlighting 

the hypoxic conditions within tri-cultured heterotypic spheroids at different time points. 

On days 4 and 8, the faint bands suggest lower levels of HIF-1α expression compared to the 

more prominent bands on days 12 and 16. This is consistent with existing studies, which 

report increased HIF-1α expression as the spheroid size grows, correlating with greater 

diffusion distances and hypoxic conditions in the inner core of the spheroid [52, 108, 133]. 

Furthermore, the observed decrease in HIF-1α expression by day 16 could reflect the 

transition from hypoxia to necrosis in the spheroid core, a phase seen in larger spheroids 

where cell death reduces the need for hypoxic regulation [134]. The preliminary results 

presented here provide proof of principle, reinforcing the established role of HIF-1α as a 

critical marker of hypoxia in 3D tumour models. Future work, including additional western 

blot analyses, will further substantiate these findings and help to delineate the precise 

relationship between spheroid size, cell density, and HIF-1α expression. Thus, my results 

align closely with the current literature on the value of assessing HIF-1α to understand the 

hypoxic microenvironment within spheroids [135]. Overall, these findings indicate that the 

tri-cultured heterotypic spheroid model is capable of recapitulating the hypoxic conditions 

of the tumour microenvironment, which is a critical factor in tumour progression. 



 

74 

 

In addition, preliminary analysis of the angiogenic potential of the tri-cultured heterotypic 

spheroids was assessed by probing the western blot for VEGF-A. The expression of VEGF-A 

was highly present at all time points. This suggests that the tumour cell-to-fibroblast-to-EC 

interactions within the heterotypic spheroids are capable of promoting the upregulation of 

VEGF-A, which is crucial for stimulating the formation of new blood vessels to support the 

growing tumour [136, 137]. As A549 cells have a high angiogenic potential specifically 

through the secretion of VEGF-A [138]. The expression of VEGF-A is further stimulated by 

the co-culture of A549 cells with MRC-5s [139]. The preliminary results generated in my 

work are indicative of the angiogenic potential of these spheroids. However, more 

extensive experimentation and quantification of angiogenic markers and vessel-like 

structures will be necessary to fully understand the pro-angiogenic capabilities of this 

model.  

More research is being conducted that explores the use of tri-cultured spheroids containing 

cancer cells, fibroblasts, and endothelial cells as a means to create a more physiologically 

relevant in vitro model [140, 141]. Valdoz et al.  developed tri-cutlured spheroids to mimic 

the internal architecture of the human lung.  They found that these spheroids exhibited 

branching and perfusable vasculature and an increase in fibronectin. Furthermore, the 

spheroids were cultured for an extended period of time (up to 70 days), showing the 

longevity of the model [140] . Whilst the spheroids cultured in my study were only cultured 

to a maximum of 12 days, Valdoz et al suggest that it is possible to culture tri-cultured 

spheroids long term.  Furthermore, morphological characteristics of the spheroids reported 

by Valdoz suggests that a lumen like structure was formed which mimicked the alveoli 

lumen [140]. It is therefore possible that longer term culture of tri-cultured spheroids 

would allow for more in vivo like characteristics to develop.  

4.1.  Limitations 

Whilst this project has provided insight into the use of a preselection method of spheroids, 

some limitations that should be addressed in future research. These include the lack of 

drug screening validation which could be used to show that the preselection method 

reduces variability in subsequent experiments. Future research should focus on validating 

the impact of using this preselection method by testing a panel of known therapeutic 

compounds to assess the reliability of results in drug response experiments. This was not 

conducted due to time limitations. Furthermore, limited molecular assessment such as the 
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expression of pro-angiogenic markers including VEGF and HIF-1α needs to be done more 

comprehensively. Whilst this project provided preliminary results, due to time constraints, 

a more in-depth assessment of these markers as well as additional pro-angiogenic markers 

like VEGF-R2 or FGF needs to be conducted to confirm the angiogenic potential of these 

spheroids and the impact of the preselection method on these results. Additionally, as only 

one experimental replicate of western blots were achieve, more robust experimentation 

needs to be conducted so that quantitative analysis of western blots can be conducted. 

Furthermore, the development of the necrotic core and cell proliferation exhibited 

inconsistencies across different spheroid types and time points. To better predict how 

various conditions impact spheroid viability, growth, and responses to therapies, future 

studies should investigate the time-dependent dynamics of these processes in greater 

detail. By addressing these limitations, it may be possible that an improved model can be 

established to investigate tumour angiogenesis in NSCLC 

5. Conclusion 

In conclusion, my work has demonstrated that by precisely controlling the cell seeding 

parameters (cell types, densities and ratios), it is possible to fabricate highly reproducible 

tumour spheroid models that can mimic key aspects of the tumour such as alterations to 

metabolism and a hypoxic core or necrotic core. By implementing a preselection method, 

with the inclusion criteria of spheroids with a circularity of 0.8 or higher, solidity of 0.4 or 

more and a diameter of 400 µm or higher, spheroids were kept consistent and optimised 

so that future research could use these spheroids for the development of a more complex 

model such as lung-on-a-chip or microfluidic devices. This project has therefore shown that 

the preselection process requires an understanding of the requirements for subsequent 

use. For example, spheroids will be used for dose-response assays or for hypoxia and 

angiogenesis research. As spheroid size and shape can contribute significantly to the 

outcome of both dose-response research and hypoxia research.  

The preselection method established provided a means to determine the optimal cell 

density, growth time, and cell line combinations that would produce spheroids with 

consistent shape and size. These findings suggest that spheroids can serve as an effective 

starting point for more advanced models aimed at mimicking tumour angiogenesis. Future 

research should focus on further assessing the pro-angiogenic factors, such as fibroblast 
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growth factor, to gain deeper insights into the angiogenic potential of tri-cultured 

heterotypic spheroids. More molecular characteristics assessments including western blots 

for VEGF and HIF-1α should be conducted to confirm preliminary results shown in this 

project. Additionally, the application of preselected spheroids in more complex models like 

microfluidic devices could provide a more accurate representation of tumour angiogenesis 

in NSCLC.  

5.1. Future Outlook 

This project focused on spheroids alone and did not incorporate spheroids in a more 

complex model. Future research should use preselected spheroids in a more complex 

model such as microfluidic devices to mimic additional physiological factors such as shear 

stress. Further assessment of pro-angiogenic factors such as fibroblast growth factor could 

provide more insight into the angiogenic potential of tri-cultured heterotypic spheroids. 

The assessment of spheroids has provided valuable insights into spheroid dynamics and the 

angiogenic potential. However, future research needs to assess the use of these preselect 

spheroids in a more complex model like microfluidic devices. The development of a model 

that can incorporate heterotypic spheroids with the capacity to mimic tumour angiogenesis 

in NSCLC. Thus, the future use of the preselection model developed in this project can be 

used in the development of novel models that can mimic tumour angiogenesis in NSCLC.  

Additionally, the ECM secretions of homotypic and heterotypic spheroids could be 

investigated to further understand the cross-talk between cancer, stromal and endothelial 

cells and how this can impact the angiogenic potential of spheroids for use in more complex 

models.  Through the dissociation of spheroids and the use of fluorescence-activated cell 

sorting (FACs), it may be possible to better understand the cell populations within 

heterotypic spheroids, for example, it would be possible to establish the population of 

fibroblasts that are activated into CAFs. Understanding the complexity of heterotypic 

spheroids can then allow the expansion into more complex models. Once such a model has 

been established, the new complex model can be verified and tested with known 

therapeutics. Therefore, the aim of this project to assess the feasibility of spheroids as the 

basic foundation for a more complex model has allowed for the development of a 

preselection method that can benefit the development of future models that use 

spheroids.  
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Developing these complex models will allow for more precise research of tumour 

angiogenesis, enabling the testing of known therapeutics and potentially contributing to 

the discovery of novel treatments. By building on the foundation provided by this project, 

future research can advance the development of preclinical models that more accurately 

reflect the tumour microenvironment, ultimately improving therapeutic strategies for 

NSCLC.  
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Appendix I – Methodology used to generate multivariate graphs. 

Briefly data in excel format was imported into MATLAB and retitled e.g. A549 spheroid 

data. The following syntax was then input into the command window to generate the 

graph:  

The following syntax was then input into the command window to generate the graph:  

feretsX = A549 spheroid data.FeretsXDiameter; 

feretsY = A549 spheroid data.FeretsYDiameter; 

time = A549 spheroid data.Time; 

viability = A549 spheroid data.Viability; 

 

% Set a constant size for all points 

pointSize = 2000;  

 

% Create a scatter plot with constant size and variable color 

figure; 

scatter3(feretsX, feretsY, time, pointSize, viability, 'filled'); 

xlabel('Feret''s X Diameter'); 

ylabel('Feret''s Y Diameter'); 

zlabel('Time'); 

colormap(cool); 

colorbar; 

title('Multivariate Plot of Feret''s X and Y Diameter, Time, and Viability'); 

 

 



 

Appendix II – Flow cytometry gating 

Figure II.1: Flow cytometry sample gating. Images of flow cytometry plots illustrating gating used for the analysis of 5000 A549 cell populations 
of initially seeded cells and of 4 day old spheroids.  

 



 

Appendix III -Confirmation of spheroid dissociation using 

brightfield imaging of haemocytometers:  

Spheroids were dissociated using the methodology described in section 2.3.1 To confirm 

dissociation into single cells, 10 µL of the cell suspension was inserted into a 

haemocytometer and images captured on the EVOS M5000 Imaging System Microscope 

(figure III.1). 

Figure III.1: Representative brightfield image showing the dissociation of a spheroid into 
single cells captured on an EVOS M5000 Imaging System Microscope.  

 

Appendix IV – Gel preparation for western blot  

Gel preparation.  

Prepared proteins were loaded into hand cast gels according to the following protocol. The 

gel casting apparatus (mini-PROTEAN Tetra System (Bio-Rad, UK)) was assembled with the 

glass spacer plate pressed to a short plate and clamped onto the casting stand, both glass 

plates were cleaned with isopropanol prior to assembly. The glass plates were then 

checked for leaks by using a Pasteur pipette to inject isopropanol between the plates. If 

leaks were present the casting equipment was reassembled ensuring plates were clamped 

tightly together. The isopropanol was then poured out and plates left to dry before adding 

gel solutions. The resolving gel was prepared first in a 50 mL falcon tube. Resolving gel 

percentage was cast depending on the protein of interest as follows:  



 

 

Table IV.1: Low molecular weight proteins need a higher gel % 

Protein Size (kDa) Gel Percentage (%) 

4-40 15 

12-45 15 

10-70 12 

15-100 10 

25-200 7.5 

>200 5 

 

Table IV.2: Reagents and quantities used to make specific percentages of resolving gel 

for western blots 

Component 6% 7.5% 10% 12% 15% 20% 

H2O 8.13 mL 7.4 mL 6.07 mL 5.2 mL 3.75 mL 1.1 mL 

1.5 M Tris pH 8.8 3.75 mL 3.75 mL 3.75 mL 3.75 mL 3.75 mL 3.75 mL 

Acrylamide 2.92 mL 3.65 mL 4.95 mL 5.8 mL 7.25 mL 10 mL 

10% SDS 150 µL 150 µL 150 µL 150 µL 150 µL 150 µL 

10% APS 75 µL 75 µL 75 µL 75 µL 75 µL 75 µL 

TEMED 18 µL 18 µL 18 µL 18 µL 18 µL 18 µL 

 

TEMED was added last, and the gel solution gently mixed before being pipetted between 

the plates with a Pasteur pipette, allowing a 1/1.5 cm gap from the top of the short plate 

to allow space for the stacking gel. Isopropanol was then pipetted above the resolving gel 

to ensure an even gel to form. Excess resolving gel was left in the 50 mL tube to view 

polymerisation. Once the excess resolving gel had polymerised (20-30 min), the 

isopropanol was poured off and the stacking gel was prepared in a new 50 mL falcon tube 

as follows. 

Table IV.3: reagents and quantities used to the stacking gel for western blots. 

 

Component Amount 

H2O 6.1 mL 

0.5 M Tris Ph 6.8 2.5 mL 



 

 

Acrylamide 1.3 mL 

10% SDS 100 µL 

10% APS 100 µL 

TEMED 20 µL 

As with the resolving gel, TEMED was added last, and the gel solution mixed before being 

pipetted between the plates above the resolving gel with a Pasteur pipette to the top of 

the short plate. A 10-well comb was then pushed between the plates, ensuring no bubbles 

were underneath the wells. Excess stacking gel was left in the 50 mL tube to view 

polymerisation. Once the excess stacking gel had polymerised (10-15 min), the plates were 

removed from the casting apparatus and soaked in 1x running buffer and stored in the 

fridge overnight. 

Appendix V – Additional spheroid images 

Figure V.1: Additional images of A549 - MRC-5 spheroids with a ratio of 1:1 to show 
consistency in the production of spheroids.  



 

 

Appendix VI – Standard curve for BCA 

Figure VI. 1: Standard Curve for the BCA assay 

Appendix VII –Full western blot image 

Figure VII.1: un-edited Imaged of western blot probed for HIF-1α and β-actin and reprobed 
after stripping for VEGF-A.  
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