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Abstract 

One in two people born after 1960 will develop cancer, with 90% of all cancer deaths arising 

from metastasis. Conventional 2D in vitro metastasis models do not fully replicate tumour 

complexity. In vivo models can address tumour complexity, but do not fully represent human 

tumour biology. Multicellular spheroids are widely used 3D models of cancer. Spheroids 

contain internal zonal differentiation of oxygen, metabolite, and nutrient gradients, associated 

with regions of proliferative, quiescent, and necrotic cells. Current in vitro static spheroid 

methodologies do not recapitulate factors of cellular spread including continuous flow or shear 

stress. Therefore, better 3D in vitro models to investigate metastasis represent an area of unmet 

need. This research aims to develop spheroid-on-chip models, providing a novel strategy to 

investigate cancer spread. The microfluidic devices used in this study feature weirs for spheroid 

inclusion, and a borosilicate base coverslip for optical clarity. The devices feature an access 

port allowing direct access to the microwell. Spheroids derived from established cancer cell 

lines, MCF7 and U-87 MG, were formed off-chip and incorporated into the device by pipetting, 

before being perfused with complete media at 3 µL min-1 for 72 h. Cell viability was assessed 

in effluent, using the CytoTox Glo assay, demonstrating spheroid viability is robustly 

maintained on-chip. In situ analysis of cell viability, through FDA/PI live/dead staining 

indicated an increased proportion of viable cells and decreased dead cells on-chip compared to 

off-chip. VEGF (Vascular Endothelial Growth Factor) ELISA showed that VEGF secretion, as 

evaluated by its presence in conditioned media, was comparable across all testing conditions. 

The chip model has been further developed to allow spheroids to be embedded in ECM 

(extracellular matrix)-like matrices. VEGF ELISA and IL-6 ELISA showed that both VEGF 

and IL-6 secretion, as evaluated by its presence in conditioned media, was comparable across 

all testing conditions. ELISA also showed that IL-6 and VEGF was increased in the on-chip 

models within hydrogel conditions. The device has also allowed the direct imaging of spheroids 

on chip over 72 h. The analysis of U-87 MG spheroids on chip showed that invasion through 

Matrigel was comparable to the off-chip static models. Whilst migration on chip, through 

collagen analysis, was increased over the off-chip counterparts. The work shown offers a novel 

insight into cancer metastasis; on a more replicative model than the current conventional in 

vitro techniques.  
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PEG – Polyethylene glycol 

PHD - Prolyl hydroxylases 
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PI – Propidium iodide  

PIMO - Pimonidazole 

PLA - Polylysine adhesion slides 

PMMA - Polymethyl methacrylate 

PTFE - Polytetrafluoroethylene 

PTX - Paclitaxel 

PVDF - Polyvinylidene fluoride 

RANKL - Receptor activator of nuclear factor kappa-Β ligand  

RNA - Ribonucleic acid  

ROI – Region of interest  

RPMI - Roswell Park Memorial Institute 

RT-PCR – Real time polymerase chain reaction 

SDS - Sodium dodecyl sulfate 

SHH – Sonic Hedgehog 

SLUG - Snail Family Transcriptional Repressor 2 

SNAIL - Zinc finger protein 

STAT-3 - Signal transducer and activator of transcription 3 

TBS - Tris Buffered saline 

TBST – Tris buffered saline tween  

TCF4 - Transcription factor 4 

TEMED - Tetramethylethylenediamine  

TF – Tissue factor 

TGF-β - Transforming growth factor beta 

TIC - Tumour initiating cells 
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TMZ - Temozolomide 

TNF-α - Tumour necrosis factor  

TWIST - Twist related protein 1 

ULA – Ultra low adherence 

UTB – Urea Tris Buffer 

VEGF – Vascular Endothelial Growth Factor 

VHL - Von Hippel-Lindau 

WNT - Wingless and the name Int- 

ZEB - Zinc finger E-box binding homeobox 1 
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Chapter 1- General Introduction  
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1.1 Cancer Biology overview 

Cancer is a condition characterised by the uncontrolled growth and division of cells in a 

particular region in the body (Weinberg, 2013). There are over 200 types of cancer which can 

affect humans, with the most common types in the UK being breast, bowel, prostate and lung, 

in total accountable for 46% of deaths (Murphy, 2016). In 2008, the international agency for 

research on cancer (IARC) reported that by the year 2030, 27 million new cancer cases and 17 

million cancer deaths will occur annually. Similarly, cancer was responsible for 9.6 million 

deaths in 2018 (Bray et al., 2012; World Health Organisation., 2018). Moreover, a report by 

cancer research UK showed that there were 163,000 deaths in the UK in 2014 attributed to 

cancer, equating to 447 deaths per day (Murphy, 2016). Importantly, another report from 2015 

showed that 50% of individuals born after 1960 will develop cancer (Ahmad  et al., 2015). 

These reports highlight why more research is required into the devastating condition. 

The understanding of the biology of cancer is fundamental for the development of new 

diagnostic and therapeutic strategies. In 2000, Robert Weinberg and Douglas Hanahan 

postulated that the progression into cancer requires the acquisition of key characteristics, or 

hallmarks, which are shared by all tumours alike (Weinberg & Hanahan, 2011). These 

hallmarks of cancer encompassed biological capabilities: sustaining proliferation signalling, 

evading growth suppressors, and resisting cell death, inducing angiogenesis, enabling 

replicative immortality, activating invasion and metastasis (Weinberg & Hanahan, 2011). In 

2011, two further hallmarks, immune destruction avoidance and deregulation of cellular 

energetics, were added, as well as two enabling characteristics, genomic instability and 

inflammation (Weinberg & Hanahan, 2011). Importantly, metastasis, one of the hallmarks, is 

accountable for 90% of deaths caused by cancer (Mehlen & Puisieux, 2006). Therefore, 

understanding of the biological processes underlying its progression is a very active and 

important research topic in cancer biology. 
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1.2 Metastasis  

Metastasis is the process of a primary tumour migrating to, and establishing, a secondary, 

tertiary, or quaternary tumour at a distant site within the body. Whilst metastasis accounts for 

approximately 90% of all cancer deaths, with survival rates being <30% for metastatic tumours, 

it is a very inefficient process. For example, a tumour composed of 109 cells can release 106 

cells a day. But only <0.01% of these tumour cells that enter into circulation will form 

metastases at a distant site (Talmadge & Fidler, 2010). Specific types of primary cancers (such 

as breast) are associated with metastasising to certain secondary sites (e.g. bone or lung), that 

is, following specific tropisms and re-establishing a growing tumour (Lu & Kang, 2010). It 

was originally postulated that the primary tumour mass would invade the local blood vessel 

network. Developing a second cancer at locations directly linked to the first, through the 

vasculature. However, theories and hypotheses into where primary cancer spreads, changed. 

Meaning much work has focussed on the specificity of metastasis and the locations where the 

primary tumour spreads towards. Although different cancers metastasise to different locations, 

most tumours appear to initially undergo a similar metastatic process, designated as the 

metastatic cascade.  

1.2.1 The metastatic Cascade  

The metastatic cascade (figure 1.1) is a process in which primary tumour cells become more 

motile and invasive leading to the cancer spreading throughout the body (Mehlen & Puisieux, 

2006). The metastatic cascade can be subdivided into a sequential series of steps, which result 

in the primary cancer becoming more motile, breaking down the local membrane and spreading 

through the circulation, before stopping at a distance site and invading the local environment. 

The cancer then grows and develops a secondary tumour in a different location. The steps are: 

1) Primary tumour formation 2) Local invasion 3) Intravasation 4) Survival in circulation 5) 

Arrest at distant site 6) Extravasation 7) Micrometastases development 8) Colony formation  
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Figure 1.1: The metastatic cascade  

The metastatic cascade is a sequential series of steps and details the process of a primary 

tumour – for example, a breast tumour moving to a secondary site- bone week/month process.1) 

Primary formation Initially, a tumour will grow over a period (weeks). The larger tumour will 

continue to grow, being supplied with poorly formed blood vessels (months). 2) Local invasion- 

The epithelial like tumour cells from the primary tumour acquire a more motile and invasive 

phenotype. 3) Intravasation-These cells change morphology/ gene expression and intravasate 

into surrounding circulatory system or lymphatic vessels. 4) Survival in circulation - The 

circulating tumour cells need to survive within the circulation (surviving the shear stress, 

turbulence and host immune response) (Minutes). 5) Arrest at a distance site (Minutes) 6) 

Extravasation - The tumour cells will extravasate at the distant site. (Hours/days) 7) Here, the 

tumour cells will initially form a micrometastases which, upon increased proliferation and 

reestablishment of a vascular supply (Months). 8) Colony formation- tumour will grow until a 

clinically detectable metastatic colony is formed. Diagram created using Biorender.  
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1, 2 and 3) Epithelial to Mesenchymal Transition (EMT) 

One of the initial steps of the metastatic cascade is EMT, step 2 of the previous paragraph. 

Metastasis is initiated with polarised epithelial-like primary tumour cells acquiring a motile 

and invasive phenotype, through EMT (Talmadge & Fidler, 2010). In metastatic spread, type 

three of EMT occurs, as opposed to type 1 and 2 EMT, associated with normal cells and 

embryogenesis or tissue regeneration (Heerboth et al., 2015). Under static physiological 

conditions, both epithelial cells and epithelial like cancer cells are polarised and interact with 

the basement membrane (epithelial phenotype). However, initially during type three EMT, the 

cancer epithelial cells lose polarity (Brabletz et al, 2018)). The polarised epithelial cell surface 

is anchored to other epithelial cell surfaces through E-cadherin, forming adherens junctions. E-

cadherin is highly expressed at the plasma membrane, and the ectodomains of E-cadherin 

molecules protrude from one epithelial cell and form complexes with the corresponding E-

cadherin molecule on a second epithelial cell, giving rise to a homodimeric bridge and thus an 

adherent junction (Weinberg, 2013). The cytoplasmic tail of E-cadherin is linked to the actin 

cytoskeleton via β-catenin (Weinberg, 2013). However, during EMT, the loss of E-cadherin 

leads to the release and trans-location of β-catenin to the nucleus (Yokota, 2000; Bardella et 

al., 2011). Furthermore, when the cell loses polarity, the loss and degradation of E-cadherin 

allows the cell to become separated from the neighbouring cells promoting an invasive 

phenotype. Multiple pathways and components can result in the loss of E-cadherin expression 

and function; for example, proteolytic cleavage or hypermethylation and histone deacetylation 

epigenetic silencing through Zeb (Zinc finger E-box binding homeobox 1), Twist (twist related 

protein 1) and Snail (zinc finger protein), which are transcriptional factors involved in cell 

maintenance (Paznekas et al, 1999). Another example is the inhibition of E-cadherin transport 

through post translational control by O-glycosylation (Geng et al., 2012). Moreover, the loss 

of E-cadherin in the cell is mirrored with the gain of N-cadherin (Valastyan & Weinberg, 
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2011a; Zijl et al., 2011). Cells also present a loss of cytokeratin expression, further loss of 

polarity and the loss of E-cadherin through the transcriptional repressors Snail, Slug or Twist. 

Therefore, when cells lose polarity and are unbound to other cells, their phenotypic profile 

changes to a more stromal and mesenchymal like cell.  

3 and 4) Extracellular matrix remodelling and invasion 

This mesenchymal phenotype is associated with increased motility, fibroblast like shape, 

resistance to apoptosis, increased extracellular molecules and glycoprotein production (such as 

matrix metalloproteinases - MMP2 and 9 or fibronectin), mesenchymal gene expression and 

invasiveness and migratory capabilities. Mesenchymal-like cells increase Matrix 

Metalloproteinase (MMP)- 2 and -9 secretion, fibronectin and Platelet Derived Growth Factor 

(PDGF) receptor expression. These secreted factors are critical in the progression of motility 

of cells. MMPs for example, can cleave and degrade components of the extracellular matrix, 

basement membrane and cell-cell junctions. MMP1 and 2 can degrade collagen, whilst MMP 

7 and 9 can degrade fibronectin, laminin and gelatin. MMPs can further promote the 

invasiveness of cells through the ability to catalyse the cleavage E-cadherin. E-cadherin can be 

cleaved by α-secretase, which is catalysed by MMP 3,7, 9, 14 and a disintegrin and 

metalloproteinase (ADAM) 10 or 15. The cleavage of E-cadherin occurs at the ectodomain 

resulting in a soluble E-cad fragment which can induce invasion and proliferation through 

epidermal growth factor receptor (EGFR) signalling (David & Rajasekaran, 2012). The initial 

primary epithelial like cells are now more motile, fibroblastic, are presenting a mesenchymal 

gene expression and are secreting factors that break down the ECM/ basement membrane. The 

cancer cells will then invade/intravasate the local blood vessel vasculature.  
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Figure 1.2  Epithelial mesenchymal transition schematic 

EMT is characterised by the change of epithelial like tumour cells losing their polarity and 

shifting to a more motile and invasive phenotype. Change of factors include: Loss of E-

cadherin, being replaced by N-cadherin. Loss of Occludin, Claudins and cytokeratin. Gain of 

Vimentin, MMP expression and fibronectin.  
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4 and 5) Intravasation and survival in circulation 

Once cancer cells invade the local vessel network, they only reside there for a short period of 

time. This is possibly due to the size dimensions and restrictions of cancer cells in comparison 

to human anatomy. Most carcinoma cells have diameters that are too large to pass through 

capillaries and capillary beds (breast cancer cells - MCF7 are 15- 25 μm) (Khaitan et al., 2006), 

resulting in them becoming trapped within a matter of minutes post invasion. However, upon 

full invasion into the blood flow, cells are subjected to shear stress, high velocities and immune 

responses from the host, for example natural killer cells (NK) can induce cancer cell death 

(Labelle & Hynes, 2012). Therefore, circulating tumour cells (CTC) need to reduce the amount 

of time they are present within the vasculature, resulting in the CTC being in circulation being 

very quick. Moreover, tumour cells possess the abilities to mask themselves from the immune 

response and shield their presence. An example of this trait is platelets forming aggregates 

around the cancer cell. CTCs can secrete tissue factor (TF), leading to the coagulation, 

formation and activation of platelets and thrombin. Activated platelets present in the aggregates 

can be bound to tumour cells through fibrin and P-selectin ligand interactions with integrins on 

the cell surfaces These aggregations can physically shield and mask the CTCs from the immune 

cells and act as protection against turbulence and shear stress. The coagulation and shielding 

exhibited on CTCs has been shown to impair NK cell mediated killing, through PDGF 

suppressing NK function and downregulation of NK gene complex 2D (NKG2D) by platelet 

derived (transforming growth factor beta) TGFβ (Labelle & Hynes, 2012). Once the aggregate 

(emboli) is formed and the CTCs have survived the initial minutes in the blood flow, the emboli 

needs to arrest and stop at a distant site. Passive trapping may occur due to the size of the 

embolus in comparison to capillaries but trapping at specific sites (tropisms) irrelevant of size 

also occurs.  
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5 and 6) Pre-metastatic niche formation, extravasation, and metastatic colonisation 

It is thought that primary tumours secrete specific soluble factors which prime distant sites, 

enhancing a pre-metastatic niche. These factors can activate E-selectin and focal adhesion 

kinase (FAK) on the endothelium of distant sites, promoting the adhesion of the CTC emboli 

to these areas. The emboli and CTCs bind to the adhesion molecules now present, promoting 

cell rolling and arrest. The activated endothelium, coupled with the secreted factors from the 

primary tumour, can recruit bone marrow derived dendritic cells (BMDCs) to the distant site. 

Further enhancing the premetastatic niche, promoting inflammation, survival, growth and 

support for the CTC emboli (Labelle & Hynes, 2012). Once present in the premetastatic niche, 

CTCs need to undergo a reversal of the EMT process. The cancer cells need to regain the 

phenotype of epithelial like cells and re-express molecules that facilitate the attachment of cells 

to the new tissue. Thusly the cells undergo Mesenchymal Epithelial Transition (MET). The 

cells reversal from EMT to MET is thought to be controlled epigenetically, through a complex 

interplay between Twist, (Wingless and int-1) Wnt, (micro RNA) miRNAs (namely 34c, 200, 

205), hypermethylation and long non-coding RNAs (lncRNA). Once the cells have undergone 

MET, they form micro-metastasis at a distant site. A long process (weeks, months, years) of 

forming a secondary detectable colony occurs. The cells which are ‘founding’ the secondary 

colony must possess a high self-renewal rate to generate large growths, such cells are called 

tumour initiating cells (TIC) (Valastyan & Weinberg, 2011; Labelle & Hynes, 2012). It is 

believed that only a subpopulation of TICs exists in the primary tumour. These TICs must 

disseminate, survive circulation, arrest and adhere at a distant site and then survival the foreign 

environment. This is before self-renewing at a rapid rate. If the TICs overcome the host 

obstacles and divide, then a secondary detectable metastatic colony can occur. These secondary 

colonies represent the final step in the metastatic cascade (Valastyan & Weinberg, 2011b). 

Table 1.1 shows typical locations primary tumours metastases towards.  
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Table 1.1: Primary tumours metastatic sites Adapted from information from Martin et al., 2013) 

Primary Tumour Metastatic site 

Melanoma Bone, brain, liver, lung, skin, muscle 

Ovary Liver, lung, peritoneum 

Pancreas Liver, lung, peritoneum 

Prostate Adrenal gland, bone, liver, lung 

Rectal Liver, lung, peritoneum 

Stomach Liver, lung, peritoneum 

1.2.2 Hypoxia 

Hypoxia corresponds to decreased oxygen tension in tissues, where the concentration of 

oxygen is between 5-10 mmHg – 0%-2% oxygen (Scanlon & Glazer, 2015). Hypoxia is a 

common characteristic of tumours, relating to a poor prognosis, and decreased overall survival 

and distant metastasis free survival (McKeown, 2014). Hypoxia can arise due to the imbalance 

of oxygen delivery and consumption within the tumour (Lee et al., 2014). It has been suggested 

that 50-60% of tumours contain regions of hypoxia or anoxia – absence of oxygen (Scanlon & 

Glazer, 2015). Hypoxia is associated with metastasis, angiogenesis and invasion of tumours, 

through the regulation of survival responses, metabolic shift, increased genomic instability and 

the promotion of stem-like phenotypic properties. Furthermore, hypoxia has been suggested to 

impede drug delivery and immune response against tumours (McDonald et al., 2016).  

1.2.3 Hypoxia Inducible Factor (HIF) 

The key transcription factor in hypoxic biology is the hypoxia inducible factor (HIF) (Masoud 

& Li, 2015). HIF is a heterodimer, with an α and a β subunit, also called ARNT (aryl 

hydrocarbon receptor nuclear translocator) (Palazon et al., 2014). HIF has three isoforms: HIF-

1, HIF-2 and HIF-3 ((Masoud & Li, 2015). The stability of the HIF-α subunit is regulated in 

an oxygen-dependent manner, whilst the HIF-β subunit is constitutively expressed. During 
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normoxia, prolyl hydroxylases (PHDs) hydroxylate prolines 402 and 564 on the HIF-α oxygen-

dependent degradation (ODD) domain using oxygen as a substrate (Ziello et al., 2007). The 

Von Hippel-Lindau (VHL) E3-ligase recognises the hydroxylated HIF-α, resulting in its poly-

ubiquitylation and targeting for proteasomal degradation (Masoud & Li, 2015). Where hypoxia 

occurs, the absence of oxygen prevents HIF-α hydroxylation and subsequent ubiquitylation, 

resulting in its rapid stabilisation (Masoud & Li, 2015). HIF-α then translocates to the nucleus, 

dimerises with HIF-1β, and the HIF heterodimer can then can bind to hypoxic responsive 

elements (HREs) in the promoters of target genes, mediating gene transcription, potentiated by 

transcriptional coactivators such as p300 (Wang & Semenza, 1993; Ziello et al., 2007; Greer 

et al., 2012; Masoud & Li, 2015b). HIF-1α and HIF-2 α can activate hundreds of genes, 

including those coding for VEGF, β1 integrin, and MMPs, which are involved in pathways 

such as angiogenesis, survival and proliferation, invasion and metastasis, and glucose transport 

and glycolysis (Wei et al., 2012; Masson & Ratcliffe, 2014; Rankin & Giaccia, 2016).  

 

1.2.4  Hypoxic control of metastasis 

Metastasis can be promoted by the presence of hypoxia (Rankin & Giaccia, 2016). HIF-1α 

plays an integral role in the progression of metastasis at each of the cascade stages, and the 

survival of tumours (Masoud & Li, 2015; Rankin & Giaccia, 2016).  

Hypoxic regulation of EMT and early metastatic cascade stages (1 and 2) 

Hypoxia mediates the upregulation of zinc finger protein SNAI1 (SNAIL), Zinc finger E-box-

binding homeobox 1 and 2 (ZEB1 and, 2), twist related protein 1 (TWIST) and TCF4 

(transcription factor 4) in a HIF-1α dependent manner, therefore regulating EMT (Rankin & 

Giaccia, 2016). HIF is able to further promote EMT indirectly through increasing expression 

of Notch target genes such as HES1 (hairy and enhancer of split 1),TGFB1 (transforming 
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growth factor beta), Hedgehog (SHH) and Wnt family genes (Chen  et al., 2010; Rankin & 

Giaccia, 2016). Resulting in EMT progression by activating factors such as SNAIL. 

Hypoxic regulation of local invasion and intravasation (3) 

Hypoxia can also mediate the disruption of the basement membrane, extracellular matrix 

(ECM) and stroma. HIF has been shown to upregulate lysyl oxidase (LOX), which in turn post 

translationally modifies collagen and elastin, increasing focal adhesion kinase (FAK) (Cox  et 

al., 2013). HIF promotes the induction of autocrine motility factor (AMF), which can enhance 

proliferation, migration and angiogenesis (Ziello et al., 2007; Masoud & Li, 2015a). HIF-1α 

targets MMP1 and MMP2, which breaks down the ECM (Lu & Kang, 2010; Rankin & Giaccia, 

2016).  

Hypoxic regulation of survival in circulation (4 and 5) 

Hypoxia also promotes immune system evasion (Palazon et al., 2014). HIF signalling 

stabilisation promotes the resistance of tumour cells to lysis from cytotoxic T-lymphocytes and 

regulates the degradation of natural killer derived granzyme B in autophagosomes (Wang & 

Semenza, 1993; GL., 2014). Furthermore, hypoxic and HIF signalling increases the expression 

of programmed death ligand 1 (PD-L1) on tumour cells and myeloid derived suppressor cells 

(MDSCs) which promotes resistance against T-cell mediated killing (Barsoum et al., 2013). 

Hypoxia promotes the inhibition of the function, proliferation, cytokine secretion and 

expansion of tumour-infiltrating lymphocytes through accumulating extracellular adenosine 

(Palazon et al., 2014; Noman et al., 2015; Rankin & Giaccia, 2016).  

Hypoxic regulation of metastatic niche and final metastatic cascade stages (6, 7 and 8) 

Hypoxia and HIF target VEGF-α to stimulate the recruitment and proliferation of endothelial 

cells, building a blood network to supply the secondary site and the growing micrometastases 

(Hoeben   et al., 2004). LOX also promotes the formation of the pre-metastatic niche (Cox  et 
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al., 2013). Hypoxia can also recruit T cells, which express NP-1 and chemokine receptor 10, 

which promote angiogenesis and immune tolerance (Rankin & Giaccia, 2016). Hypoxia 

recruits MDSCs and macrophages to the microenvironment, which in turn secrete VEGF, 

which promote tumour progression and immune tolerance (Valastyan & Weinberg, 2011a). 

HIF-1α also targets pyruvate dehydrogenase kinase (PDK1), which represses mitochondrial 

function and as such affect’s glycolytic mechanisms in the tumour. It is thought that secondary 

tumours have an increased level of PDK1 in comparison to the primary tumour and thus the 

primary tumour and hypoxia can facilitate metastasis through creating a preferential niche for 

tumours (Valastyan & Weinberg, 2011; Wilson & Hay, 2011; Zijl et al., 2011; Rankin & 

Giaccia, 2016).  

In order to study hypoxia biology and metastasis, the different ways of modelling cancer and 

the tumour microenvironment need to be considered. One such technique are multicellular 3D 

models of cancer, such as spheroids.  

1.3  Cancer models 

There are many cancer models aiming to address different aspects of tumour and cancer 

questions. These models range from in vivo using animals, being translated into human 

cancer, using creatures such as Zebrafish or mice (Holen et al., 2017), to in vitro, based in the 

laboratory away from animal culture (Pickle & Ries, 2009). However due to the complexity 

of human and mammalian cancer many models are not fully representative, therefore 

different types of modelling must occur (Imamura et al., 2015). For example, much in vitro 

work is completed on a 2D planar surface, which does not replicate cancer found in humans, 

whilst in vivo work is done in three dimensions, but requires immunocompromised 

organisms, which differ to humans, therefore is not fully representative (Imamura et al., 

2015; Zhou, 2016). However, both types of models, both in vitro and in vivo, 2D and 3D 

models have benefits and drawbacks in comparison to one another. 
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1.3.1 2D models vs 3D models 

Two-dimensional cancer models are flat models and include the cell monolayer. These models 

and the cell monolayer have traditionally allowed the investigation into stem cell 

differentiation, molecular biology, protein presence and many other factors thought to be 

important in cancer development (Sutherland, 1988; Mehta et al., 2012). Whilst initially 

seeming useful for biological questions, within the 2D model there are many differences to 

what is seen in mammalian tumours (Hongzhou et al., 2013; Edmondson et al., 2014). In 2D 

there is a homogenous acquisition of nutrients and removal of waste. 2D culture allows 

homogenous and uniform concentrations of cytokines, growth factors and nutrients to be 

present, surrounding the cell (Sutherland, 1988; Mehta et al., 2012). Cell monolayers observe 

an exponential growth pattern (which is different from in vivo tumours), where they can 

continually proliferate until they reach the constraints of the culture plastics (Hongzhou et al., 

2013). However, the artificial conditions of 2D culture result in the cells becoming elongated 

with a flat morphology, and can give rise to genetic aberrations, totalling a 30% difference in 

genetic and protein expression patterns in 2D cultures, compared to the tissue origin 

(Edmondson et al., 2014). This is reflected in the upregulation of genes responsible for growth 

and proliferation and the repression of genes that limit growth and proliferation, when 

compared to the original site of the cell line, demonstrating why the monolayer exhibits 

exponential growth (Mehta et al., 2012; Edmondson et al., 2014). Moreover, in 2D, the ECM 

and cell interactions are reduced, resulting in limited mass transport of molecules and 

differences in integrin binding. An example of this being an issue is the testing of therapeutics 

(Mehta et al., 2012). When a new drug is tested, the concentration used on a 2D platform is 

homogenous across the whole culture and every cell. When this is then transitioned to an in 
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vivo 3D model, the drug doesn’t uniformly affect each cell, due to the diffusion gradients 

present, resulting in a disparity between the two studies.  

The homogenous access to nutrients and waste removal is not observed in 3D cell cultures. 

Instead, 3D culture models demonstrate heterogeneous access to nutrients, gases, and 

metabolite distribution (Chandrasekaran & King, 2012). Solid tumours have leaky blood 

vessels and therefore a poor blood flow. The tumours attempt to quickly divide and demand 

nutrients to grow. The tumour is highly metabolically active and attempts to acquire as much 

nutrients as possible, whilst removing excess waste such as CO2 and lactate (Weinberg and 

Hanahan, 2011). To do this, human cancers are highly angiogenically active. The tumour will 

rapidly form new blood vessels through a complex interaction of tip cells, endothelial cells, 

cytokines and other pro-angiogenic factors. However, as the blood vessels are being rapidly 

formed, they are not well formed hence the blood vessels are often ‘leaky’ and poorly shaped. 

This results in differences in concentrations of nutrients and waste, including oxygen 

(DeBerardinis & Chandel., 2016). Oxygen can only diffuse 100-200 μm into the tumour (Mehta 

et al., 2012). Therefore, the cells present at the edge of the tumour are the closest to the blood 

vessels and have the highest concentration and best acquisition of nutrients. The central region 

of the tumour has different characteristics, specifically: the oxygen tension decreases, waste 

metabolites increase, and hypoxic and anoxic regions are formed. Hypoxia starts to occur in 

the cells where the oxygen concentration is less than 10mmHg. This phenotype results in 

reduced sensitivity to chemotherapy, increased resistance, increased invasive potential and 

poorer patient survival rates (Zhou, 2016).  
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1.3.2 In vivo vs In vitro 

There are many different types of in vitro models used in cancer research, including 

monolayers, clonogeneics, spheroids, scratch assays and transwell based assays. Models have 

been used for tumour kinetics, drug screening, invasion and angiogenesis. In vitro models 

typically use cancer cell lines, due to availability, ease of growth and direct comparisons to 

human tumours (Mehta et al., 2012; Edmondson et al., 2014) 

An example of an in vitro model used in cancer research is the scratch or wound healing assay. 

The wound healing assay is a simple assay, using a monolayer of cells, inflicted with a wound, 

situated through the centre of the monolayer to assess the ability of cells migrate back across 

the space created by the wound (Liang et al., 2007). Another model is the transwell based assay 

(Justus et al., 2014). Transwell based can be used to study migration, invasion, various aspects 

of the metastatic cascade and drug screening. An example of transwell based assays is the 

seeding of cells onto a porous membrane and studying the movement of cells to a lower 

chamber within the culture dish; combination of drugs, chemoattractants and cytokines can be 

added to investigate different aspects of cancer spread (Justus et al., 2014). These assays are 

low cost and have a high throughput, however, they are of low physiological relevance due to 

the static nature of the culture. Plus, the invasion data can conflict between experiments and 

can only assay single cell motility. Further examples of in vitro models include cell monolayers 

and co-culture models (Mehta et al., 2012). 

In vivo models are cancer models which use animals to study tumours. These models can be 

used for drug screening, invasion, growth kinetics and migration (Muthna et al., 2016; Nunes 

et al., 2018). These are more complex than the in vitro models, require ethics and are relatively 

low throughput. One such example of an in vivo model is one of the simplest models, the cell 

derived xenograft (CDX) model. This model requires human tumour cells being 

subcutaneously implanted into an immunocompromised mouse (Holen et al., 2017). Whilst it 
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is fast, cheap and includes human tumour cells, it does not include all tumour subtypes. The 

host is immunocompromised and can only model advanced disease states. The sample is added 

subcutaneously and is not at the same site where the tumour is within a human. Moreover, there 

are ethics involved and it requires the sacrifice of animals. Another example of an in vivo model 

is the patient derived xenograft (PDX). Again, these models use human tumour fragments, but 

are costly. They require an immunocompromised host, namely athymic nude mice, severely 

immunocompromised mice, nonobese diabetic mice, before a fresh tumour sample from the 

patient is added into the host and the mouse stroma will replace human cells within time. 

Moreover subcutaneous PDX models rarely produce metastasis and struggle to simulate the 

initial tumour microenvironment (Holen et al., 2017). 

Whilst brief, these examples demonstrate the complexity of cancer modelling. For example, 

the 2D in vitro experiments are more cost effective, are high throughput and require reduced 

ethics but fail to recapitulate the physiological relevance of the 3D in vivo model. On the other 

hand, in vivo models are costly, lower throughput, and requires animal testing, and therefore 

strict training and ethical constraints. With these factors in mind, alternative 3D in vitro models 

can be used (Holen et al., 2017).  

1.3.3 In vitro 3D models 

Limitations regarding low throughput, cost, direct application and ethics of in vivo work can 

be attempted to be overcome by using in vitro and ex vivo 3D models (Chandrasekaran & King, 

2012).  

Ex vivo models, such as tumour biopsies embedded into extracellular like matrices (ECM), 

such as collagen, are used to investigate the tumour microenvironment and spread (van de 

Merbel  et al., 2018) The complexity and human heterogeneity of cellular populations is 

maintained, whilst keeping host cell interactions. The model does not use 
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immunocompromised animals or risks having cells from a different host present. However, the 

vasculature of these models is not perfusable and the models themselves have only been used 

for drug sensitivity and to determine tumour growth kinetics. Migration through the ECM is 

possible but can be difficult. An alternate higher throughput, lower cost alternative in vitro 

model that can be used for similar applications is the multicellular tumour spheroid (MCTS) 

(Li et al., 2012;Katt et al., 2016) 

1.3.4 Spheroids as cancer models  

Spheroids are 3D models of cancer that are formed where cell suspensions are grown in 

non/low adherent conditions, resulting in cells self-aggregating to form a sphere like structure 

(Sutherland, 1988; Mehta et al., 2012). Spheroids have been used in cancer research for the 

past 60 years, first being used in the 1950s (Sutherland, 1988). The term spheroid was first 

coined in the 1960/70s when a research team observed near spherical shapes being formed from 

V79 hamster lung cells (Sutherland, 1988).  

Spheroids typically tend to share common characteristics with mammalian tumours. It has been 

very heavily documented that multicellular tumour spheroids contain distinct zones, namely a 

core, a layer of quiescent cells, and an external layer of proliferative cells (Figure 1.3) 

(Hamilton, 1998; Horning, 2008; Mehta et al., 2012; Gong et al., 2015). This structure results 

through the heterogeneous acquisition of nutrients, and oxygen diffusion (Mehta et al., 2012). 

The diffusion gradient of oxygen through cells and the proportion of cells present within the 

spheroid give rise to a centralised region of necrosis with surrounding layers of proliferating 

and quiescent cells (Chandrasekaran & King, 2012; Mehta et al., 2012). This is like similar 

zoning in some tumours. As oxygen has a diffusion limit of 100-200 µm, the cells at the 

external layer of the spheroid can access it and nutrients (Olive et al., 1992; Grimes et al., 

2014). These cells can proliferate and remove catabolites into the surrounding media. In 

contrast, cells which are over 200 µm from the spheroid edge have limited access to the 
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nutrients and oxygen, and limited waste removal. This therefore creates chemical and nutrient 

gradients mirroring regions found within human tumours (Sutherland, 1988). The gradients 

give rise to the central cells of the spheroid (the core) having the smallest level of access to 

nutrients and oxygen, meaning these cells become hypoxic and void of ideal growth conditions 

(Sutherland, 1988; Olive et al., 1992). 

This coupled with the inability to removal catabolites, results in an acidic and necrotic core 

being present at the centre of the spheroid. In between the core of the spheroid and the 

proliferative layer of cells, is a layer of quiescent cells. The quiescent cells are in a G0 phase 

of cell growth, which is attributed to the limited oxygen and nutrient supply (Chandrasekaran 

& King, 2012; Mehta et al., 2012). Overall this diffusion and chemical gradient gives rise to a 

structure in 3D cell cultures being more similar to tumours in vivo (Sutherland, 1988).   
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Figure 1.3: Tumour spheroids zones 

A spheroid has distinct zones (core, quiescent cells and proliferating cells), which arise due to the 

diffusion limits of nutrients and oxygen. The build-up of catabolites, waste, CO2 and lactase results in 

the central zone of the spheroid being more acidic, hypoxic and anoxic, containing apoptotic and 
necrotic cells. The external layer of cells has the highest percentage of O2, ATP and nutrients. This 

results in the cells being proliferative and able to divide. The layer between this external rim and central 

core has limited acquisition of nutrients and limited removal of waste, therefore these cells are in a 

quiescent state or within the G0 phase of cell cycle growth. Made using Biorender. Scale = 200 μm. 
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Spheroids can be seeded and formed at different sizes, correlated to the cell function, transport, 

drug efficacy and migration (Katt et al., 2016). Where spheroids are between 200 – 500 μm, 

gradients can develop. Larger than this (typically 400 – 600 μm) secondary necrosis can 

develop in the central core of the spheroid, something which is thought to be more 

representative of mammalian tumours (Chandrasekaran & King, 2012; Mehta et al., 2012).  

Spheroid application  

Spheroids can be used of a variety of applications, tumour growth kinetics, cell proliferation, 

migration, drug screening, immune cell interactions and invasion (Sutherland, 1988). 

As previously detailed, the genetic profile and protein expression of spheroids in comparison 

to 2D cultures showed that spheroids better resemble in vivo tumours than 2D culture (Katt et 

al., 2016). Invasive potential of cancer and the migratory capabilities of cells have been studied 

by using spheroids embedded within hydrogels and ECM like matrices, identifying key factors 

released and direct measurement of cells moving away from the primary mass (Yuan et al., 

2019).  

Spheroids have also been used to measure the immune response, by co culturing spheroids with 

immune cells (NK or macrophages), the immune response and infiltration into the cancer mass 

has been observed (Ayuso et al., 2019). 

Another application and probably the most common use of spheroids is drug screening 

(Edmondson et al., 2014). It is estimated that $1.3 billion is required to get a new 

pharmaceutical agent through clinical trials (Edmondson et al., 2014). However, most pre-

clinical evaluation in vitro is conducted using 2D cell cultures, which do not fully reflect the 

tumour microenvironment and associated therapy-resistance phenotypes (Edmondson et al., 

2014). In an example, ovarian cancer cells were treated with the chemotherapy agent paclitaxel, 

leading to an 80% reduced cellular viability (Loessner et al., 2010). However, when the same 
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paclitaxel concentration was used on a 3D cancer cell model, it led to only 40-60% loss of 

viability. These type of studies do not take the tumour microenvironment into consideration 

and therefore some therapeutic agents fail during clinical trials (Loessner et al., 2010; 

Edmondson et al., 2014). Specifically, as detailed previously, hypoxia is associated with radio- 

and chemo-resistance, decreased apoptotic potential, increased genomic instability, impaired 

DNA repair, and reduced drug availability. These later issues with drug delivery to 3D models 

can be overcome using by several techniques such as using liposomes or nanoparticles (Mehta 

et al., 2012; Edmondson et al., 2014).  

These brief examples demonstrate the applicability of spheroids as alternate in vitro models of 

cancer. However, there are other factors related to metastatic spread and invasion (such as 

interstitial flow, the tumour microenvironment and shear stress) that spheroids cannot model. 

The spheroid fails to recapitulate shear stress, continuous perfusion, the full microenvironment, 

cytokine signalling and interstitial flow. Therefore, it is necessary that hybrid models are used 

to attempt to tackle the complexity of cancer biology and metastasis. Such as being able to 

replicate shear stress, continuous perfusion and chemical gradients into account.  

  

1.4 Microfluidic devices 

Microfluidic devices, also called Lab-on-a-Chip devices, are systems that can process or 

manipulate microscopic amounts of fluids (10-9 to 10-18 L), through the use of micro-meter 

sized flow channels and networks (Whitesides, 2006). They have been applied to biological 

and biomedical research, as well as chemical synthesis and analysis (Hsiao et al., 2009; Ong 

et al., 2017; Michael et al., 2018; Yuan et al., 2019). These devices require only small 

quantities of reagents and samples, resulting in reduced cost, quicker experimental time and 

have the potential for lower environmental impact (Whitesides, 2006). Microfluidic devices 
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can be designed and fabricated in a multitude of ways, often involving computer aided design 

packages (Ren et al., 2013). Commonly employed materials include paper, silicon, glass and 

polydimethylsiloxane (PDMS), shown in table 1.2 (Daw & Finkelstein, 2006; Whitesides, 

2006). For cell culture and spheroid applications on-chip, PDMS or glass are generally used 

(Ma 2018; Park et al., 2019), owing to the characteristics listed in the table below (Iliescu et 

al., 2012; Ren et al., 2013). 

Table 1.2: Microfluidic device materials commonly used. Advantages/disadvantages 

associated with different materials (based on information from Ren et al., 2013)  

Material Benefit Limitation 

Paper Inexpensive  

Fast  

Easily transportable 

Too simple for complex analysis 

Fragile 

Cannot get wet 

Glass Biological analysis able  

Sterilisation  

Non gas permeable 

Transparent  

Easily Breakable 

Rough 

More expensive than plastic 

Non malleable 

PDMS Malleable 

Transparent  

Cheap 

Fast production 

Gas Permeable 

Difficult to clean and sterilise  

Smooth  

Limited heat resistance 

Silicon Thin membranes (thermal benefits) 

Low cost 

Fast production 

Application breadth 

Poor heat resistance 

Brittle 

PMMA 

(polymethyl 

methacrylate) 

Malleable 

Unlimited colour options 

High resistance to UV 

Unlimited colour options 

Limited heat resistance 

Cracking under load 

Limited chemical resistance 

Poor impact resistance 

Ceramic Multilayer ceramic is well established 

Slow heat transfer 

Chemical resistance and stability 

Breakable  

Non-malleable  

More expensive than plastic 

1.4.1 Microfluidic devices and cancer research 

Microfluidic devices are currently being used in cancer research for various applications (Ma 

2018; Park et al., 2019). These are desirable for biological and cancer analysis due to the 

abilities to control the internal and external temperature, have precise control over nutrients, 

and present laminar flow and shear stress (Ip et al., 2016). These controllable factors are key 
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in cancer research models to mimic those conditions found within patient tumour tissue whilst 

saving resources.  

Zhang & Nagrath (2013) reviewed microfluidic device models, suggesting future roles, gaps 

and applications that microfluidic devices could be used for. The areas they identified 

concluded that spheroids within microfluidic device were a useful avenue for cancer research, 

as such this was further reviewed by Ma and more recently Park. The authors focused on 

isolation of circulating tumour cells, size-based separation, molecular analysis of cancer, drug 

screening, high throughput approaches and migration assays (Zhang & Nagrath, 2013). (Ma 

2018; Park et al., 2019). The controllable factors possible in biological microfluidic devices, 

such as temperature, can be further combined with the 3D models mentioned previously, 

including spheroids. A spheroid could be generated at 500 microns to generate a hypoxic core 

(Cai et al., 2013; Ma et al., 2016) and these two models can be combined to further bridge the 

gap between in vitro and in vivo. By mixing 3D cultures incorporated into microfluidic devices, 

these issues can be addressed and have been adopted by various groups (Das et al., 2013; Kuo 

et al., 2014; Bender et al., 2016; Ip et al., 2016; Shang et al., 2019). Table 1.3 shows examples 

of this breadth of work. The table focusses on examples of microfluidic devices being used for 

different components of the metastasis cascade; for example, confinement on cancer cells 

(experienced when metastatic cell clusters are flowing through the circulation), extravasation 

(stage 6 on the previous diagrams, with an example figure of a device used that combines 

primary cell cultures and hydrogels), shear stresses influence on cellular spread (with an 

example image of the device used to generate relevant shear stress values on-chip) and spheroid 

formation on-chip. Within these examples, it possible to see that most authors focus on the 

latter stages of the metastatic cascade, and similarly, those whom focus on early metastasis, 

use single cells and drugs to impede this.
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Study Design Results Reference 

Extravasation in the metastatic 

cascade 

The three layered PDMS device was coated using Collagen IV, lined with an 

endothelial cell monolayer. Kuhlbach used a flow of 0.8-1.2 μl, over the 72 h 

period 

Endothelial cells within the device 

acted similarly to in vivo 

endothelial cells.  

Cells were able to be imaged live 

within the device 

(Kühlbach et al., 2018) 

Extravasation in the metastatic 

cascade 

A PDMS microfluidic device coated in collagen and HUVECs* 

 

(MDA-MB-231) have enhanced 

matrix invasion when in the 

presence of HUVECs, whilst 

MDA-MB-231 cells have 

significantly decreased invasion 

without HUVECs.  

(Blaha et al., 2017).  
 

Cell migration  PDMS microfluidic device, coated in ECM-Matrigel Chaw found that 40% of the 
MDA-MB-231 cells invaded the 
Matrigel over 5 days at a rate of 7 
μm/h, whilst none occurred in the 
MCF7 cell line. The MDA-MB-
231 cells rotated 2-3 radians over 
this time.  

 

(Chaw et al., 2007) 

Table 1.3: An overview of microfluidic devices and their uses in biological research 
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Cell interaction and shear stress PDMS device At 0.50 and 2.50 dyne cm -2 shear 

stress, circulating MDA-MB-231 

cells adhere to regions of 

endothelium treated with TNF-α 

compared to untreated regions.  

TNF- α upregulated CXCR4 and 7, 

whilst CXCL12 upregulated 

CXCR4 in HDMECs. From this 

they demonstrated that CXCR4 

and 7 increased adhesion to 

endothelium of MDA-MB-231 

cells and cancer cells were 

preferential CXCL12 treated 

endothelium within a microfluidic 

device 

(Song et al., 2009) 

Cell migration, intravasation and 

hypoxia 

Multilayered PDMS device lined with type I collagen   PANC-1 cells grown on-chip at 

1% O2 had a 50% lower growth 

rate than the same cells on-chip at 

5% O2.  

Both conditions showed the cells 

were viable for 8 days. Moreover,  

When no oxygen gradient was 

present on-chip, fewer cells 

migrated into collagen. When a 

gradient was present, 1% O2 in one 

channel and 21% in another, the 

cells migrated 10 x higher. 

(Acosta et al., 2014) 
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Replicating the blood brain 

barrier 

PDMS microfluidic device reductase family 1 B10 
(AKR1B10) was higher in 
metastatic lung cancers, although 
AKR1B10 downregulated MMP2 

and 9. Silencing of AKR1B10 
suppressed extravasation in the 
microfluidic device.  
 

(Liu, 2019). 

Metastatic potential of cells Dual material microfluidic device out of glass and PDMS Were able to capture 10-500 

cells/ml in 50% of the patients and 

circulating tumour emboli in 10% 

of the samples 

(Kulasinghe et al., 2019). 

Confinement on cancer cells and 

drug testing 

PDMS microfluidic device, comprised of four arrays with 50 channels Confinement alone was able to 

drive migration.MDA-MB-231 

cells migration appeared to be the 

fastest across the cell lines 

investigated. Migration rate was 

reduced after subjecting the cells 

to Taxol and Nocodazole 

(Irimia & Toner, 2009) 

Cancer cell migration through 

confinement of tight blood 

vessel, how different angles 

(between 1 and 40 degrees) 

affected migration of cancer cells 

Glass  MDA-MB-231 cells had a 480% 

rate of permeation into the smaller 

channel at all angles, in 

comparison to the non-cancerous 

cell lines used.  

Taxol treatment reduces the 

percentage of cancer cell migration 

(Mak et al., 2013) 

Confinement on cancer clusters ULA plate cluster chip 90% of clusters migrated through 

narrow constrictions and, as the 

cancer clusters approached the 

narrowing of the channel, these 

were able to unfold into a chain 

(Au et al., 2016) 
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like structure and pass through the 

narrowest point. As the cells 

exited, the cancer clusters were 

able to re-cluster from the chain 

into their original shape 

Confinement on cancer cells microfluidic device containing a comparator region and a liquid interface Stiffness of cells that affect the 

migration speeds of 

(Khan & Vanapalli, 2013) 

Physiological shear stress (15-30 

dynes per cm2)  

Three channel PDMS with collagen lining* 

 

Flow promoted an amoeboid and a 

mesenchymal phenotype with 

evenly distributed actin filaments 

(Ma et al., 2017) 

Co-cultured cell migration ‘m’ chip Whilst under flow, MCF7 were 

consistently trapped in comparison 

to the MDA-MB-436. Both cell 

types had decreased size after 

separation, however.  

Enriched populations of SUM149 

cells had greater cytoskeletal and 

nucleoskeletal motility gene 

expression 

(Zhang et al, 2012) 

Drug testing PDMS Cells were maintained at 90% 

viability. Increased migratory 

ability of MDA-MB-231 cells was 

relative to IL-6 secretion.  

(Mi, 2016). 
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HMEpiC morphology was altered 

and both drugs inhibited cell 

migration. 

Fluid patterns on cell migration PDMS device that contained four regions, housed two PDMS pillars that 

contained the ECM regions. One of the regions was used to allow a different 

hydrogel to be present within the device, enabling the flow to be altered and 

limited without hindering cell migration 

interstitial velocity of 10 μm s-1 

was relevant in acute inflammation 

and tumour microenvironments, in 

comparison to the normal levels of 

0.1 -1 μm s-1.  

Interstitial flow increases 

migration speed of 20% of cells 

and migrational persistence. 

Interestingly, they noted cells 

migrated faster without direction 

upstream, in comparison to 

migrating slower with higher 

directness with flow 

(Haessler et al., 2012) 

Cancer EMT PDMS EMT phenotypes, demonstrated by 

E-cadherin and vimentin 

expression, were shown in mixed 

cell spheroids.  

This phenotype showed different 

drug sensitivity, which was 

improved through inhibitors of 

TGF-β. Moreover, invasion assays 

showed spheroids had fibroblast 

led movement 

(Khawar et al., 2018) 

Spheroid formation on chip PDMS device Over 9000 spheroids were being 

generated per device, giving rise to 

(Hardelauf et al., 2011) 
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the ability to rapidly increase 

output of spheroids over a 96 h 

period and accommodating high-

throughput analyses 

Spheroid formation on-chip 
Gravity-driven cell aggregation and balanced droplet dispensing system on a 
PDMS device 

Possible to generate uniform 

spheroids (>90%) across a range of 

sizes (58 µm – 400 µm). However, 

the size of these spheroids was too 

small to contain substantial 

hypoxic and necrotic regions 

(Kim et al., 2012) 

Spheroid formation on-chip PDMS device Possible to form spheroids (MCF7 

cells) within a microfluidic device 

(Wu et al., 2008) 

Spheroid formation on-chip PDMS device Possible to form MCF-7 spheroids 

and a tubular mammary duct 

(Young, 2013) 

Extravasation and 

micrometastases 

PDMS microfluidic device, containing 3 media channels and 4 independent 

gel channels 

The channels were 150 mm deep 

and coated with poly-D-lysine 

hydrobromide (PDL), to promote 

matrix adhesion. Collagen and 

Matrigel were used as coating 

layers to simulate the ECM. The 

authors used this device to study 

MDA-MB-231 invasion towards 

CXCR2 bone chemokines 

(Bersini et al., 2014) 

Cell-cell interaction PDMS device Hockemeyer observed that CAFs 

induce dispersion of spheroid 

tumour cells into the matrix, which 

is mimicked by CXCL12, whilst 

NAFs induce aid single cell 

(Hockemeyer et al., 2014) 
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migration into the environment. 

CXCL12 did not produce the same 

effects. 

Cell-cell interactions and drug 

testing 

PDMS device Invasion under normal conditions 

and under MMP inhibitors 

(specifically the broad MMP 

inhibitor GM6001 CAFs promoted 

cell invasion, in a spheroid 

fashion, and that MMP inhibitors 

can prevent this effect 

(Liu et., 2010) 

HUVEC distribution in HEPG2 
spheroids 

PDMS device They then added (pro-angiogenic) 

VEGF and b-FGF to the spheroids 

to look at HUVEC migration over 

a period of 72  

HUVECs formed lumen structures 

within the spheroids when treated 

with VEGF and β-FGF over a 

period of 72 h 

(Patra et al., 2014) 

Spheroids and drug testing PDMS device Finding that no significance was 

seen when using drugs responsible 

for converting cytochrome 

peroxidases. They concluded that 

HepG2 are limited as a 3D liver 

model 

(Fernekorn et al., 2015) 

Spheroid formation PDMS device Developed a process of forming 

OV90 and TOV112D cell enriched 

spheroids ranging in sizes from 

230-530 μm 

(Marimuthu et al., 2018) 
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Spheroid formation Droplet based microfluidic device Capable of generating 1000 

droplets per minute, which 

encapsulated cancer cells to form 

spheroids ranging from 50-245 

μm. They explained that viability 

was maintained on chip for over a 

two week period 

(Kwak et al., 2018).  

 

Cell-cell interactions Device lined with Collagen  The study found that T47D cells 

stimulated with macrophage 

colony stimulating factor (M-CSF) 

and MDA-MB-231 cells could 

polarise monocytes into tumour 

associated macrophages (TAMs), 

increasing cell migration 

(Yuan et al., 2019) 

Drug testing on spheroids PDMS, silicon wafer and glass microfluidic device Generated coculture spheroids 

from SUDHL-10 and HS-5 cells, 

before testing the effects of 

lenalidomide drugs on the 

proliferation of the spheroids, 

concluding there was an inhibitory 

effect on cell proliferation 

(Sabhachandani et al., 2019) 

On-chip formation and drug 

treatment 

Paper based microfluidic device, utilising a wax patterning print with 

photoinduced surface modification 

The device was used to culture 

MCF7 and 1058Sk coculture 

spheroids on chip. The chip 

showed the spheroids were stable 

for 10 days and the group were 

able to perform both ELISA assays 

and drug testing on chip 

(Michael et al., 2018). 



53 | P a g e  
 

On-chip spheroid formation and 

drug testing 

PDMS based screening device, capable of testing 1032 MCF7, SUM157 and 

Mia PaCa spheroid models simultaneously with 8 drugs. The device 

comprised of 28 drug combinations, 7 mixing ratios and controls, all with 6 

replicates 

They showed that drug 

concentration ratios of 1:106, 

1:100, 1:10, 1:1, 10:1, 100:1 and 

106:1 were achieved on-chip. The 

drugs used were cisplatin, 

docetaxel, doxorubicin, 

gemcitabine, irinotecan, 

oxaliplatin and 5-FU. These drugs 

were used on the MIA- PaCa-2 

spheroids formed on chip, which 

were reproducibly formed at 328 

μm. Showing that 4 combinations 

of drugs showed synergistic 

effects, to match literature 

conclusions 

(Zhang et al., 2018). 

On-chip spheroid formation and 

drug testing 

Microfluidic device with a pillar array 90% of spheroids ranged from 175 

– 225 μm in diameter. They found 

that spheroids expressed higher 

levels of CD133 and nucleic HIF-

1α. And the spheroids had a higher 

doxorubicin resistance than the 

cell monolayers 

(Lim et al., 2018) 
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As table 1.3 shows there are many different examples of biological research within a 

microfluidic device. As previously stated, combining spheroids and microfluidic devices offers 

a useful avenue for researching cancer in vitro. There are two manners to conduct this. One is 

to form spheroids on-chip, whilst the other is generation of the spheroids off-chip. 

1.4.2 Spheroid formation on chip 

Ong et al reported a spheroid on chip 3D printed microfluidic device, printed using 

stereolithography and PolyJet to immobilise and form HepG2 and oral squamous cell 

carcinoma cells to form spheroids on chip (Ong et al., 2017). The device was a pump free 

perfusion system utilising gravity driven flow (Ong et al., 2017; Park et al., 2019). The device 

seeded cells at a flow rate of 0.15 ml h, with wall shear stress being 0.8 dynes cm-2. However, 

the shear stress was decreased to 0.0025 and 0.88 Pa within the cell chamber compartment. 

They found that metastatic and patient derived parental spheroids were able to be maintained 

on chip for a period of 72 h, with good viability. Similarly, Chen et al developed a technology 

to recreate 3D cell cultures using a specially designed open plate, utilising naked liquid marble 

techniques (Chen et al., 2019). The plate was coated using a superhydrophobic layer to allow 

the natural formation of mouse olfactory ensheathing cells (mOECs-GFP) spheroids. The plate 

was coated using a hydrophobic coating of methyl isobutyl ketone, butyl acetate and mineral 

spirits and acetone. Using this technique, spheroid formation was uniform and over a 24 h 

period the spheroids increased in size by 125%, showing good viability (Chen et al., 2019). A 

further demonstration of spheroid on chip formation was conducted by Lee and Cha, which 

used a PDMS microfluidic device with double flow-focusing to allow the formation of MCF7 

cells cocultured with macrophages of fibroblasts, 3T3 or RAW264.7, within a microgel – 

methacrylic gelatin (Lee & Cha, 2018). A further device from Imaninezhad et al aimed to form 

U251 spheroids from oil and a 4-arm PEG-Ac, DBTA solution within a T-junction microfluidic 

device (Imaninezhad et al., 2019). The research focused on the initial formation of spheroids 
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by flowing the solutions at varying speeds (5 - 60 μl/min for PEG and 0.5- 1 ml/hour for water), 

before testing PTX, DOX, BCNU, CCNU and TMZ on the spheroids (Imaninezhad et al., 

2019). Imaninezhad detailed that PEG hydrogel was degraded a lower rate in the presence due 

to water percentage differences. Moreover, they showed that spheroid viability was maintained 

at high levels (>90%) for 7 days on-chip. They further showed that in the presence of CCNU 

and TMZ, spheroids were more susceptible to chemotherapeutics when within PEG hydrogels. 

Cheng developed a high throughput single cell derived tumour sphere microfluidic device to 

track over 10,000 cells on chip. A PDMS chip coated with F108 was used to form breast cancer 

spheroids on chip (Cheng et al., 2016). Their device had a >60% capture rate for cell 

suspensions of 2.5 x 104 to 1 x 105 ml, whilst a 76.5% capture rate was seen for cells of 5 x 104 

ml. Spheroids were monitored of 14 days on-chip, and they concluded that small SUM-159 

cells had a higher sphere forming potential over T47D and SUM-149 cells. Rogers et al 

engineered a two layered PDMS microfluidic bioreactor to look at 3D breast tumour 

environment. Type I collagen and Matrigel was added to the microfluidic device before 

externally grown MDA-MB-231 spheroids of 60,000 cells were added to the microfluidic 

device after 3 days. HMVECs and NIH-3T3s were also added to test the interactions with the 

breast cancer spheroid. They found spheroids were viable within the device for a period of 15 

days (Rogers, 2018). The overall finding shows that many applications are using microfluidic 

devices to form spheroids on-chip, but these are being generated at sizes too small to be 

comparable to in vivo tumours.  

1.4.3 Spheroid formation off chip 

An alternative to the formation of spheroids on chip is the formation of spheroids off chip and 

then being introduced into the device as was conducted by Christoffersson et al. Here, cardiac 

spheroids of 2500 cells, 250 μm in diameter, were formed before introducing them into a 

polymer based microfluidic device treated with laminin (Christoffersson et al., 2018). 
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Following this the group tested drugs on the spheroids to investigate cellular spread 

(Christoffersson et al., 2018). They showed by using doxorubicin and endothelin-1, it was 

possible to decrease cells surrounding the spheroids. On the other hand, it was possible to 

increase the number of cells present around the spheroid by using phenylephrine and 

amiodarone. Choi and colleagues used a microfluidic device (shown in figure 1.4) to look 3D 

models of early stage breast cancer. The authors used MCF10, mammary fibroblasts and HMT-

3522 cells to form spheroids in a ULA plate, before introducing them into a Matrigel and 

fibronectin coated PDMS multilayered microfluidic device after 3 days. The study tested the 

effects of paclitaxel on cells through LDH assays, concluding a reduction in size was seen on 

the size of treated spheroids in comparison to the untreated conditions (Choi et al., 2015).  

1.4.4 Metastasis on chip 

To perform this effectively, the various stages of the metastatic cascade need to be considered 

in relation to the cancer model.  

1.4.5 EMT and shear stress (early stage metastasis) 

Lee and colleagues developed a PDMS microfluidic device compromising of 7 channels, lined 

with type I collagen coupled with PANC-1 cells. They aimed to look at the formation of PANC-

1 tumour spheroids on chip, to further assess the EMT related markers and proteomic 

expression analysis, before treating them with Gemcitabine. The study concluded that the 

survival on chip was maintained and that cocultured spheroids expressed more EMT markers 

than their monoculture counterparts (Lee et al., 2018). Like Lee, Mina et al looked at the effects 

of shear stress on EMT and tumour endothelial cell interaction. The authors developed a PDMS 

3D culture microfluidic device, housing type I collagen and glycosaminoglycans (GAGs), to 

recapitulate 1 dyne/cm2 (Mina et al., 2017). HUVECs were seeded in a collagen MDA-MB-

231 spheroid through on chip formation (Mina et al., 2017). Mina found that under low shear 

stress and in the presence of ECM, EMT was upregulated. They showed that mesenchymal  
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Figure 1.4: Microfluidic device for mimicking early stage breast cancer taken from(Choi et 

al., 2015) 

A microfluidic device used to mimic early stage breast cancer, as used by Choi et al. The device is 

comprised of upper and lower cell chambers separated by an ECM membrane. The group used MCF10, 

mammary fibroblasts and HMT-3522 cells to form spheroids in a ULA plate, before introducing them 

into a Matrigel and fibronectin coated PDMS multilayered microfluidic device after 3 days. 
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markers including Snail was upregulated, whilst endothelial marker proteins, including VE-

cadherin, was downregulated. They stated that for the first time, it was demonstrated that breast 

cancer spheroids are dependent on shear stress. Moreover, Zhang reported a PDMS 

microfluidic device to separate and enrich a mix of MDA-MB-436 and MCF7 cells, and a 

SUM149 population by mechanical manipulation and micro barriers. The authors trapped the 

cells on chip (named m chip) and forced them to separate, concluding that SUM149 cells 

showed increased motility, expression relevant genes to demonstrate this (Zhang et al., 2012). 

1.4.6 Stromal interactions 

Peela et al developed a PDMS oxygen plasma and poly-d-lysine treated microfluidic device, 

to investigate the effects of suberoylanilide hydroxamic acid on breast cancer cells interactions 

with stroma. Using SUM-159 and CAF cells with a Matrigel, type I collagen mix this was 

achieved. This group looked at the drug diffusion patterns through COMSOL modelling and 

also real time imaging of single cell migration through the chip, concluding that cells migrated 

slower in the presence of SAHA (Peela et al., 2017).  

1.4.7  Local invasion, intravasation and circulating tumour cells  

Toh et al developed a PDMS based microfluidic device to try and mirror cancer cell migration 

and invasion on a basement membrane (Toh et al., 2018). They engineered a 3D culture using 

MX-1 cells, including collagen as a basement membrane, which were shown to be highly 

metastatic in comparison to MCF7 cells (Toh et al., 2018). Toh showed that MX-1 cells could 

invade through collagen over a 45 h period, having a migratory velocity of 6.6 and 13.5 μm/h. 

Like Toh, Nagaraju and colleagues were interested in looking at early stage metastasis, 

specifically breast cancer cell invasion and intravasation. A three layered PDMS culture device, 

treated with Poly-D-lysine, was used to create vasculature (Nagaraju et al., 2018). HUVECs, 

triple negative MDA-MB-231 and ER/PR+ MCF7 cells were transfected and used coupled with 
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collagen and fibrin. They concluded that MDA-MB-231 invasion was enhanced in vasculature 

(Nagaraju et al., 2018). 

A further example of spheroid on chip for metastatic research was conducted by Soldati et al. 

Soldati et al looked at microfluidic device to investigate metastasis, through the use of liquid 

biopsy to detect circulating tumour cells present within a sample (Soldati et al., 2018). They 

showed that the device would allow a 90.2% accuracy when classifying acid droplets from both 

healthy and cancer patients. Furthermore, they also demonstrated that white blood cell 

expression of CD45 could be predicted at 82.9%. A further example of circulating tumour cells 

and metastatic research was conducted by Bersini. Bersini et al used a PDMS microfluidic 

device bonded to glass coverslip, treated with oxygen plasma to look at cellular spread. The 

authors developed a bone mimicking environment and vascular bed within the device to 

investigate CTC endothelium and secondary site interactions, as well as tropisms with triple 

negative MDA-MB-231 cells to investigate extravasation (Bersini et al., 2018). The study 

further focussed on MMP and ADAM expression through microarrays and ventured to the 

invasion of T24 and OVCAR-3 cell lines, concluding that T24 possess the most migratory 

potential and OVCAR-3 the lowest (Bersini et al., 2018). Moreover, Obermayr and colleagues 

aimed to identify circulating tumour cells from primary tumours within patient blood samples 

using the microfluidic Parsortix cell separation system (Miller et al., 2018). RT-PCR was used 

to investigate gene markers from enriched blood samples from gynaecological cancer patients 

and metastatic breast cancer patients, moreover they used ovarian cancer cell lines- TOV21G 

and CaOV3 as an alternative comparison (Obermayr et al., 2017).  

1.4.8 Cancer and immune interaction/evasion  

Ayuso et al were interested in a PDMS device design treated with oxygen plasma and bound 

to glass to investigate MCF7 spheroids interactions with NK cells within a collagen hydrogel. 

They focussed the research on the immune response of NK cells and their abilities to target 
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cancer spheroids (Ayuso et al., 2019). Ayuso showed that antibodies perfused in the lateral 

lumens, rapidly diffused through the ECM matrix, whilst tumour cell junctions lowered this 

penetration into the spheroid. They also demonstrated that NK cells were able to penetrate the 

spheroids faster and deeper than antibodies. By combining these therapies, cytotoxicity was 

increased, but NK cells were mostly located at the spheroid edge.  

1.4.9 Cancer cell clusters in circulation and identification 

Babahosseini and colleagues created a microfluidic device for the identification of single 

metastatic cells from a sample. A PDMS and glass microfluidic chip was developed for this 

purpose featuring constrictions, deformation and relaxation zones, to focus on 184A1, MCF10, 

MDA-MB-231 and MDA-MB-468 cells (Babahosseini et al., 2017), shown in Figure 1.5. The 

study concluded that metastatic cell resistance decreased in comparison to non-metastatic 

increased, after each relaxation period (Babahosseini et al., 2017).  

1.4.10 Cancer tropisms and migration patterns 

Hao et al were interested in researching the metastasis of breast cancer cells to bone. The 

authors created a 3D bone-on-chip microfluidic device to investigate this due to the frequency 

of bone metastasis from breast cancer (70%) (Hao et al., 2018). In the study, a PDMS 

microfluidic device with a glass coverslip to grow MC3T3-E1 cells on was constructed, 

coupled with MDA-MB-231 and MDA-MB-231 BRMS cells (Hao et al., 2018). Moreover, a 

3D mineralised bone tissue was formed over 720 h on chip, co-cultured with the cells 

mentioned (Hao et al., 2018). Hao was able to form an 85 μm mature osteoblastic tissue on-

chip, in the absence of differential agents. They also detailed that breast cancer cell interactions 

seen in the in vivo environment was also demonstrated on-chip. Another example of migration 

to specific locations on-chip was conducted by Sleeboom. In order to investigate oxygen  
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Figure 1.5: Microfluidic device for breast cancer migration taken from (Babahosseini et al., 

2017) 

A PDMS and glass microfluidic chip was developed for this purpose featuring constrictions, 

deformation and relaxation zones a), to focus on 184A1, MCF10, MDA-MB-231 and MDA-

MB-468 cells. b) shows a cross section of the chip, demonstrating which materials are in which 

locations, whilst c) details a drawing of the microfluidic device connected to a syringe pump, 

focussing on the constrictions, deformation and relaxation zones present.  

  



62 | P a g e  
 

gradients on migratory behaviour of breast cancer cells and breast cancer stem cells, namely 

MDA-MB-231 and stem cells derived from these, Sleeboom et al constructed a PDMS and a 

PMMA microfluidic device. (Sleeboom et al., 2018). The device contained a chamber that 

could simulate the 1.3% oxygen seen in cancerous breast tissue and 6.8% seen in healthy breast 

tissue. The PMMA component of the device acted as an oxygen diffusion barrier. Moreover, 

the group simulated the oxygen gradient and diffusion using COMSOL (Sleeboom et al., 

2018). They tracker CSCs from MDA-MB-231 cells, between 17.5 and 24 h post adhesion. 

Showing that the migration patterns correlate to those of ‘normal’ MDA-MB-231 cells. They 

did show that cells migrate to lower oxygen levels, however. 

1.4.11 Opportunity within the literature 

There is a clear gap in the research which this project aims to fill. The current gap in the 

research is a lack of understanding and knowledge regarding the early stages of the metastatic 

cascade and how external factors such as shear stress, the tumour microenvironment and 

continuous perfusion contribute to cancer spread in vitro. This research aims to use a glass 

microfluidic device to replicate in vivo conditions within an in vitro environment. The device 

will be used to look at both brain and breast cancer spheroids to investigate the early metastatic 

spread of tumours. 

 

1.5  Context and Significance of this study 

Traditional in vitro models used for studying cell migration are unable generate real time 

monitoring of cancer, therefore lack information on migration and invasion. They do not allow 

precise manipulation and control over the local environment. In vivo and ex vivo models have 

been developed to try and overcome these issues. But these models are difficult to 

reproduce/perform, with large ethical constraints. Furthermore, these models are within a 

different environment to the primary tumour (such as being a human tumour in a mouse). In 
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vitro 3D models, such as spheroids, have been designed to attempt to overcome some of these 

issues. Spheroids mirror the cell-cell interactions, nutrient gradients, drug resistance and 

microenvironments seen in vivo. They are highly controllable and reproducible, allow co-

culturing, giving rise to heterogeneous populations, like those seen in vivo. They potentially 

bridge the gap between in vitro and in vivo but are still limited by some issues. Spheroids in 

trans-well plates are unable to replicate interstitial flow, shear stress and perfusion culture.  

Therefore, a highly controllable, more replicative in vitro cancer model to investigate cell 

migration and invasion, is needed. Microfluidic devices fit this premise, as they are fast, 

sensitive, cheap, portable, highly controllable, and reproducible models. Microfluidic models 

allow real-time monitoring of factors within the device; they offer highly controllable gradients 

of chemicals and nutrients, all whilst using small quantities of reagents and biological material, 

such as cells. Microfluidic devices have been coupled with spheroids as shown, allowing 

precise manipulation of the external environment around the spheroids.  

The majority of work conducted on spheroids within a microfluidic device had focussed on 

generation of spheroids within the device (West, 1989; Hardelauf et al., 2011; Kim et al., 

2012; Das et al., 2013; Kuo et al., 2014; Bender et al., 2016; Ip et al., 2016; Marimuthu et 

al., 2018; Zhang et al., 2018; Shang et al., 2019), across a variety of cell lines. These 

examples then used the spheroids to test drug responses in vitro. However, much like the 

work conducted by Kim et al, the spheroids ranged from a small size (58 µm – 400 µm). The 

size of these spheroids was too small to contain substantial hypoxic and necrotic regions, 

which is seen in vivo (Mehta et al., 2012). To generate larger spheroids, giving rise to 

hypoxic and anoxic regions, necrosis and larger chemical gradients, other groups generated 

spheroids out of the device before placing them within (Kuo et al., 2014; Kwapiszewska et 

al., 2014; Chen et al., 2015). These groups again placed the spheroids into microfluidic 

devices but used them to test common chemotherapeutic drug efficacy on the culture (Das et 
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al., 2013; Ruppen et al., 2014; Kwapiszewska et al., 2014; Chen et al., 2015; Choi et al., 

2015; Sabhachandani et al., 2019). To determine and assess the viability of spheroids within 

culture the groups used different methods, including: manual counting through spheroid 

dissociation and manual counting using trypan blue, fluorescent labelling of cells, LDH 

assays and, company bought viability assays (Choi et al., 2015; Kwak et al., 2018; Lee & 

Cha, 2018;Rogers, 2018; Chen et al., 2019). Many authors noted that viability was increased 

on-chip in comparison to off-chip counterparts, for periods of 3-14 days (Acosta et al., 2014; 

Kwak et al., 2018; Michael et al., 2018; Chen et al., 2019). Some stating that viability of over 

90% for one week was shown on-chip (Mi, 2016; Imaninezhad et al., 2019) 

1.6 Aims and objectives of this study 

A novel approach will be adopted to investigate cancer cell migration and invasion spheroids 

within a microfluidic device as an improved in vitro model of metastasis. By combining 

spheroids with a microfluidic device, the real time invasive and migratory capabilities of 

tumours will be able to be investigated. This novel approach will thus allow the factors 

associated with tumour spread and cell migration, such interstitial flow, shear stress and the 

tumour microenvironment to be precisely controlled and manipulated, giving key insight to the 

process of metastasis. The new model using spheroids within a microfluidic device will 

therefore be optimised to allow the investigation of tumour spread and ultimately metastasis to 

be conducted.  

This study has an overarching hypothesis. It hypothesises that is possible to mirror the early 

stages of metastasis in a microfluidic device. It will be possible to recreate and drive EMT and 

invasion of cells in spheroids within a microfluidic device.  

The overarching aim of this study is to design and optimise a microfluidic device capable of 

harbouring a characterised cancer spheroid, in order to mirror characteristics that are linked to 
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metastatic potential and spread, in a spheroid-on-a-chip platform. The investigation of 

metastatic biomarkers released from the primary spheroid mass will be identified.  

The specific hypotheses and aims of this research study are to: 

Hypothesis 1: It is possible to generate reproducible and reliable cancer spheroid in vitro. 

The spheroids will follow literature convention. 

1. Aim: To generate and characterise the best cancer spheroids to incorporate in a 

microfluidic device 

• Generate a panel of spheroids to investigate growth kinetics 

• Characterise spheroid size profiles 

• Characterise spheroid regions 

• Assess if there are any morphological and phenotypical differences between spheroid 

seeded at different sizes  

Hypothesis 2: It is possible to design and fabricate a microfluidic device that will harbour 

a cancer spheroid. The tightly bound spheroids will be placed within and its viability will 

be comparable to current off-chip work. 

2. Aim: To design and validate a microfluidic device for spheroid incorporation and 

maintenance  

• Design and fabricate a microfluidic device 

• Incorporate a spheroid into a microfluidic device and assess spheroid viability  

• Investigate for the presence of components of migration  

Hypothesis 3: The spheroids within the device will show an increased migratory and 

invasive capability than monolayer and off-chip models. 



66 | P a g e  
 

3. Aim: To improve the microfluidic device design for analysis of pro-metastatic 

phenotypes in spheroids 

• Advance design to allow easier access to microwell 

• Advance design to image spheroids directly on-chip 

• Incorporate hydrogel(s) into microfluidic device and embed spheroids  

• Investigation of potential secreted biomarkers of cell migration/invasion, such as 

VEGF or IL-6 

• Evaluate cell migration patterns of spheroids on-chip   
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Chapter 2  Methodology 
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2.0 Methodologies 

2.1 General methods 

2.1.1 General Reagents and consumables 

General chemicals used in this study were purchased from Sigma (Gillingham, UK), VWR 

(Lutterworth, UK), or Fisher Scientific (Loughborough, UK), unless otherwise noted. General 

plastics used in this study were purchased from VWR (Lutterworth, UK), Fisher Scientific 

(Loughborough, UK), or Starlab (Milton Keynes, UK), unless otherwise noted. Tissue culture 

specific plastics were purchased from VWR (Lutterworth, UK), Fisher Scientific 

(Loughborough, UK), BD Bioscience (Oxford, UK) or Starlab (Milton Keynes, UK), unless 

otherwise noted.  

2.2 Cell culture 

2.2.1 Tissue Culture 

Five cell lines were initially used for testing in this study: U-87 MG (glioblastoma), HCT116 

and HT29 (colorectal cancer), and MCF7 and MDA-MB-231 (breast cancer). This number was 

decreased to three however as the research progressed. The three used throughout were U-87 

MG; a robust spheroid model, used as a control throughout this research, whilst breast cell lines 

(MCF7 and MDA-MB-231) were used to test differences between epithelial and mesenchymal 

like cell spheroids. The cell lines were obtained from obtained from ATCC (Teddington, UK) 

and EACC (Salisbury, UK) as indicated in Table 2.1. The cells were cultured in high glucose 

complete Dulbecco’s Modified Eagle Medium (DMEM) (Corning, Amsterdam, Netherlands), 

supplemented with 10% foetal bovine serum (FBS) (Gibco, Life Technologies, Loughborough, 

UK), 1% Sodium pyruvate from lab stock (PAA) (GE Healthcare Life Science, 

Buckinghamshire, UK) and 1% Penicillin / Streptomycin from lab stock (Lonza, Castleford, 

UK) in an incubator (Nuaire, UK) at 37oC, with a humidified atmosphere with 5% CO2. Cells 

were passaged at specific rations (1:4 – 1:12) depending on the cell line in order to maintain 

exponential growth upon reaching 65-80% confluency. Spent medium was removed from the 
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cells before being washed with 1x Phosphate-Buffered Saline (PBS) without calcium and 

magnesium (GE Healthcare Life Science). 1x Trypsin (Lonza) was then added to the cells and 

these were incubated at 37oC and 5% CO2, reflecting conditions found in mammalian tissue. 

Detached cells were re-suspended in fresh DMEM before a volume of cell suspension (a 

fraction of the original amount) was transferred into a fresh culture flask with fresh media. 

Cells were regularly tested negative for mycoplasma infection. 

Table 2.1 – Characteristics of the cell lines used in this study (information from 

ATCC/ECACC) 

Cell line 
MDA-MB-

231 
MCF7 U-87 MG HT29 HCT116 

Disease 

Adeno-

carcinoma 

(metastatic) 

Adeno-

carcinoma  

(metastatic) 

Glioblastoma; 

Astrocytoma  

(primary) 

Colorectal 

adenocarcinoma 

(primary) 

Colorectal 

Carcinoma 

(primary) 

Origin 
Pleural 

effusion 

Pleural 

effusion 

Brain Colon Colon 

Classification Basal Luminal A IV Unknown unknown 

Age (years) 51 69 44 44 unknown 

Ethnicity Caucasian Caucasian Caucasian Caucasian unknown 

Sex Female Female Male Female Male 

 ATCC ATCC ATCC ECACC ECACC 

2.2.2 Freezing and thawing of cells 

Cell stocks were frozen at early passage and stored in liquid nitrogen. At 65-80% confluency 

the cells were trypsinised as detailed in section 2.2.1, before being re-suspended in the relevant 

media and centrifuged at 338 x g. The cell pellet was re-suspended in 1x PBS, centrifuged and 

re-suspended in freezing media, which comprised of 10% dimethyl sulfoxide (DMSO) and 

90% FBS (Gibco). The cell suspension was aliquoted into cryovials (Nunc, ThermoFischer 

Scientific, Loughborough, UK) and placed into a Mr Frosty freezing container (ThermoFischer 
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Scientific), which was placed at -80oC for gradual cooling of the cells. After 24 h, cells were 

transferred into liquid nitrogen (-120oC) for long-term storage. When cells were thawed, the 

cryovial was brought to room temperature quickly and the cells were transferred into pre-

warmed complete media, containing FBS, L-glutamine and sodium pyruvate. This suspension 

was centrifuged, and the supernatant discarded to remove DMSO. The cell pellet was gently 

re-suspended in fresh media and transferred into a T25 flask before being transferred into a 

T75 flask when 65-80% confluency was reached. Once in a T75 flask the cells were grown as 

detailed in section 2.2. 

2.2.3 Exposure to Hypoxic conditions 

Incubation of cells in low oxygen (hypoxic) conditions was performed using a H35 

Hypoxystation hypoxia chamber (Don Whitley Scientific, UK). Oxygen concentrations were 

set to 2% prior to experimentation, with humidity (75%), CO2 (5%) and temperature (37oC) set 

and monitored throughout. Normoxic controls were kept at 80% humidity at 21% oxygen, 5% 

CO2 and 37oC. 

2.2.4  Drug treatment of cells 

Gemcitabine (Sigma, UK) stock solutions (100 mM) were prepared in sterile dH2O and stored 

at -20oC. Immediately before treatment, gemcitabine stock solution was diluted to 100 nM in 

fresh DMEM, and gemcitabine-containing media was used to treat spheroids or cell 

monolayers for the timings noted for specific experiments. Untreated controls corresponded to 

cells incubated with complete DMEM added to the wells 

2.3 Spheroid Biology  

2.3.1 Spheroid formation 

Cells were seeded in ultralow adherence (ULA), round bottom, 96-well plates at different cell 

densities (typically 2.5 x 10 4 or 3.5 x 10 4 cells per well) (Costar, Sigma-Aldrich, UK) 

following the established protocol by Vinci et al. (Vinci et al., 2013). Once the cell suspension 
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was pipetted into the micro-wells, the plate was transferred to a 37oC, 5% CO2 incubator and 

left undisturbed for 96 h, allowing the cells to aggregate into spheroids.  

2.3.2 Measurement of spheroid diameter  

Spheroids were imaged using a GelCount instrument (Oxford Optronix, Oxford, UK). Spheroid 

diameter was determined from the obtained images, using ImageJ analysis software (National 

Institute of Health, Maryland, USA). The software’s ‘measurement tool’ was employed to 

determine the longest and shortest diameter across the spheroid (Figure 2.1). The average of 

these two values was taken to determine the overall average spheroid diameter. 

2.3.3 Measurement of spheroid growth curve 

U-87 MG and MCF7 (3.5 x 104 cells per well) spheroid growth analysis was performed over a 

period of 18 days. The ULA plate, with the cell suspension, was incubated at 5% CO2 and 37oC 

and left undisturbed for 48 h. After 48 h, and subsequently every 24 h for 18 days, the plate 

was imaged on a GelCount imager. Spheroid average diameter (largest and shortest diameters 

divided by two) were analysed using ImageJ software in the same manner depicted in Figure 

2.1. Spheroid media was refreshed every 24-48 h using fresh complete DMEM, in order to 

maintain nutrient levels, present in the micro-well. 

2.3.4 Determination of distinct visible spheroid zones  

Spheroids contain three distinct zones; a central necrotic core, a layer of quiescent cells and a 

viable rim of cells at the outer spheroid edge. The cell populations within the spheroid affects 

the cellular interactions present, and further indicates the length of time the spheroid is viable 

for testing (Vaithilingam et al., 1991). A semi-quantitative approach was adapted from a 

protocol developed by Monazzam and colleagues (2005) to investigate how the core and viable 

rim of cells present in a spheroid changes over a period of time (Monazzam A et al., 2005). U-

87 MG and MCF7 spheroids (seeded at 3.5 x 104 cells per well) were left undisturbed overnight. 

At 48 h, and subsequently every 24 h, the spheroids were imaged under bright-field settings on  
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Figure 2.1: Spheroid size measurement from Gelcount panel image using ImageJ analysis 

software. 

 

ImageJ toolbar with ‘measurement tool’ was selected to analyse the example image of a 

Gelcount Image; with an MDA-MB-231 spheroid seeded with 5 x 104 cells per well. The scale 

was internally set against the scale measure on the Gelcount – 1 pixel unit =42.3 μm. Two 

measurements of diameter were taken. The longest and shortest. The yellow line indicates the 

longest diameter taken. The diameters were divided by two to generate an average. Scale = 

200 μm. 
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a Zeiss inverted microscope (Zeiss, Germany) at 5x magnification. Figure 2.2 shows an 

example image, where two distinct zones can be seen and classified; either as a viable rim of 

cells or a core (including quiescent cells), this was repeated for each spheroid of the same size 

to generate an average spheroid size. ImageJ software was used to measure the spheroid core 

and the total spheroid area, using the ‘polygon’ selection tool (Figure 2.2). ImageJ was also 

used to determine the dimensions of the total spheroid and cellular rim areas. The dimensions 

of the core were determined as a percentage of the total spheroid area. 

2.3.5 Migration and Invasion assays 

To determine the invasive and migratory capabilities of cells in spheroids, migration and 

invasion assays were performed (Vinci et al, 2013). Spheroids were formed as detailed in 

section 2.3.1. 50 μl of hydrogel (shown in table 2.2) were transferred to a flat bottom or ULA 

96 well plate and left for the determined period in Table 2.2. Flat bottom plates were used for 

investigations into cell migration, whilst the ULA plates were used for investigations into 

invasion. The spheroids were pipetted in 200 μl DMEM onto the surface of the hydrogel and 

left for 20 min to adhere. Spheroids were then immediately imaged at t = 0 min and 

subsequently every 24 h for 72 h on a brightfield microscope (Zeiss) to determine the levels of 

cellular spread from the original spheroid mass over time.  

 

Table 2.2: Hydrogel dilution, temperature and time taken to set. 

 

Matrices Concentration Temperature Time 

Gelatin 2% v/v (dH2O)  4oC 45 min – 1h 

Fibronectin 1 μg/ml 37oC 1 h – 2h 

Collagen 3 mg/ml Room temperature 1 h  

Matrigel 10 mg/ml  On Ice/Set at room 

temp 

15 min 
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Figure 2.2: Spheroid core and viable rim measurement using ImageJ analysis software. 

Figure 2.2 shows a spheroid where two distinct zones can be seen; a viable rim of cells or a 

core (including quiescent cells). The polygon selection tool was used in ImageJ software to 

closely measure around the spheroid edge. Similarly, the polygon selection tool was also used 

to draw around the core and the quiescent cells, in which the darker areas present was 

determined to be core/quiescent cells. a) Example of a MCF7 (3.5 x 104 cells per well) spheroid 

image (5x magnification) with the total spheroid area mapped b) An example of the core 

mapped (yellow line indicates the area border of the core and quiescent cells).Repeats of this 

measure were conducted multiple times. Scale = 200 μm  



75 | P a g e  
 

2.4 Cell viability Assays 

2.4.1 CytoTox Glo Assay 

The Cyto-Tox Glo cytotoxicity assay (Promega, G9290) measures the extracellular activity of 

an intracellular protease (dead-cell protease), which is released by cells with compromised 

cellular membranes. This is achieved through the addition of a luminogenic cell-impermeant 

peptide substrate (AAF-amino luciferin). When cells undergo cytotoxic stress, they release the 

intracellular protease, which cleaves the added AAF-substrate, resulting in luminescence. The 

luminescence directly correlates to the percentage of cells undergoing cytotoxic stress as the 

AAF-substrate cannot pass through the intact membrane of live cells, resulting in no 

appreciable signal. Media was collected from each sample (spheroids in ULA plate and 

monolayers), by pipetting the media from the 96 ULA plate into an Eppendorf, whilst the media 

was collected from the collecting vessel used in the microfluidic device (spheroids within a 

device) through pipetting. Once all media was collected from cells and spheroid-based 

experiments, it was stored at 4oC (for fresh analysis) or-80oC (for frozen analysis). Media 

samples were transferred to a white 96 well plate (Nunclon) in triplicate per sample. The 

CytoTox-Glo protocol was followed (as per manufacturer’s instructions); in brief the media 

samples were collected from the testing conditions and added to a 96 well plate. The assay 

buffer and the AAF-substrate were mixed and added to the media samples. The plate was 

measured in two luminescence plate readers (due to access restrictions): Fluoroskan 

(ThermoFischer Scientific) or Tecan (BMG, Florida, USA), after 15 min of incubation. A 

second addition stage was conducted on controls allowing for the indirect determination, which 

used digitonin (20 mg mL-1) as a lysis buffer, which lysed the entire cell population, before the 

plates were read again. This would give an indication of how much luminescence would be 

present when the entire cell population was lysed. The luminescence value determined the 

value of protease present within the conditioned media, suggesting the level of dead cells 

present across the three conditions.  
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Cellular viability (CV) of controls was determined by subtracting the initial luminescence 

measurement (ILM) from the final luminescent measurement (FLM) (equation 1). 

 

CV = FLM − ILM            equation 1 

 

2.4.2 Fluorescein diacetate (FDA) and Propidium iodide (PI) live dead assay 

Spheroid cell viability in situ was assessed using the fluorescent-based FDA-PI live-dead assay 

(Jones and Senft, 1985). FDA (ThermoFischer Scientific) stains viable cells, through a process 

where the FDA is converted into a green fluorescent metabolite, fluorescein. Cell viability is 

indicated through the intensity of the green fluorescent signal produced, as the conversion of 

FDA to fluorescein is esterase dependent. PI (ThermoFischer Scientific) stains the nucleic acids 

of dead cells after passing through the disordered cellular membrane, resulting in these cells 

having red florescence , it is not possible for PI to stain live cells as the PI is unable to penetrate 

membrane of live cells (Boyd , Cholewa and Papas 2008). Spheroid media for specific samples 

was carefully pipetted and discarded, before the spheroids were washed in 1X PBS, in order to 

remove all traces of media. Spheroids were stained using an FDA (5 mg mL-1) – PI (2 mg mL-

1) solution in phenol red free Roswell Park Memorial institute (RPMI) media. 

PBS was removed and then the FDA/PI staining solution was added to the wells. The plate was 

incubated in the dark for 5 min and the solution removed, the spheroids were washed in PBS 

three times. PBS was further added to the wells and the spheroids imaged. Spheroid images 

were acquired using an epifluorescence microscope (Zeiss, Germany) with pre-set filters for 

Texas Red for PI (excitation 596 nm/emission 614 nm) and Fluorescein isothiocyanate for 

fluorescein (excitation 495 nm/emission 517 nm).  
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2.4.3 Fluorescence Quantification 

ImageJ analysis software was used to quantify the fluorescence signal produced from both the 

PI and FDA separately for each image, using an adapted method from Burgess (2010) and 

McCloy (2014). Original greyscale spheroid images were opened in ImageJ software (Figure 

2.3). The ‘area’, ‘integrated density’ and ‘mean grey value’ options were selected in the 

‘analyse’ tool bar menu. The ‘polygon’ tool was selected to draw around the spheroid or region 

of interest (ROI). ImageJ was then used to automatically measure the parameters pre-set earlier. 

A background signal measurement (away from the ROI) at the same size as the ROI was taken. 

Where the background size could not be taken at the same size of the ROI, a sample without 

interference was taken and the value divided by the area taken, before being multiplied by the 

total area of the region of interest. To give a more reliable result, the fluorescence intensity was 

calculated per unit area. The equation used to generate corrected total spheroid fluorescence 

(CTSF) was as follows: 

 

𝑪𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝒕𝒐𝒕𝒂𝒍 𝒔𝒑𝒉𝒆𝒓𝒐𝒊𝒅 𝒇𝒍𝒖𝒐𝒓𝒆𝒔𝒄𝒆𝒏𝒕 (𝑪𝑻𝑺𝑭) = 

𝑰𝒏𝒕𝒆𝒈𝒓𝒂𝒕𝒆𝒅 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 − 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒔𝒑𝒉𝒆𝒓𝒐𝒊𝒅 𝑹𝑶𝑰 𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅 𝒇𝒍𝒖𝒐𝒓𝒆𝒔𝒄𝒆𝒏𝒄𝒆    

(equation 2) 

 

2.5 Biochemical Assays 

 

2.5.1 Cell lysis and protein extraction 

Protein extraction was performed on both spheroids and cell monolayers. For cell monolayers, 

cells were seeded in tissue culture dishes (Nunc, Thermo Scientific), before being incubated in 

their corresponding experimental conditions. Media was then removed, and cells washed in 1X 

PBS. Cells were scraped into 1X PBS using a cell scraper (Starstedt, UK), before being  
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Figure 2.3:  Method used to quantify FDA-PI fluorescence in spheroids  

 

FDA/PI quantification of grey scale images was performed using ImageJ. The measurement 

settings were area, mean gray values and integrated density selected (ImageJ →Analyse → 

Set measurements). a) Example of a spheroid original image (FDA image), with the ROI drawn 

around the spheroid b) Example of ROI on PI spheroid. The Measurement output from Image 

J using IntDen values were used for the spheroid fluorescence signal and background signal. 

Equation 2 was used to give final CTSF values. Scale = 200 μm.   
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centrifuged at 20,000 x g. Supernatant was removed, and the pellet was resuspended in an 

appropriate volume of UTB lysis buffer (9 M Urea; 75 mM Tris-HCl pH 7.5; 0.15 M β-

mercaptoethanol). The lysate was either frozen at -20oC for temporary storage, of processed 

further.  For this, lysates were sonicated in a Bioruptor (Diagenode, Belgium) for 5 min with 

30 s intervals on the high setting. Samples were transferred and centrifuged at 20,000 x g at 

4oC for 15 min, with the supernatant being transferred to new microcentrifuge tubes and stored 

for quantification. For spheroids, the spheroids were collected into microcentrifuge tubes, 

washed in 1x PBS and resuspended in UTB. The same process of sonication and centrifugation 

was then conducted.  

 

2.5.2 Protein quantification and sample preparation 

Clarified lysates were quantified using a Nanodrop Light Spectrophotometer (Thermo 

Scientific), using the protein absorbance (A280) 1 mg mL-1 setting. The samples were diluted 

using UTB lysis buffer to match protein sample concentrations and volume across each testing 

condition in order to each sample to have 30 ug protein. Sample buffer (3.3% SDS, 6 M Urea, 

17 mM Tris-HCl pH 7.5, 0.01% bromophenol blue, 0.07 M β-mercaptoethanol) was added per 

sample, before being heated at 95 oC for 5 min in a heating block.  

2.5.3 Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS PAGE)  

Protein samples were separated using SDS PAGE, prior to western blot analysis using a 10% 

acrylamide gel (See recipes in Table 2.3) (1.5M Tris-HCl pH 6.8, 30% v/v acrylamide/0.8% 

bis-acrylamide, 10% w/v SDS, 10% v/v TEMED and 10% w/v APS in the appropriate 

volumes). A cassette containing the gels was assembled and filled with 1x running buffer 

(Recipe in Table 2.3), and samples were loaded, alongside a pre-stained colorimetric molecular 

ladder (Geneflow, UK). Electrophoresis was performed for 60-120 min at 100-120 V, until the 
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sample migration front reached the base of the gel (1 cm away from base) and the 

electrophoresis was stopped.  

2.5.4 Western blot 

A polyvinylidene difluoride (PVDF) (GE Healthcare) membrane was cut to size and activated 

in 100% methanol for 10-15 s. The protein samples within the separating gel were then 

transferred to the PVDF membrane. For this, two sponges and blotting membranes (Millipore) 

were soaked in 1x blotting buffer (see recipe in Table 2.3) for 5 min, before a cassette sandwich 

was assembled. The cassette sandwich was placed in a tank (BioRad) and filled with 1x blotting 

buffer. The transfer was then conducted at 100 V for 90 min. If it was required that the PVDF 

membrane was tested for successful transfer prior to the next steps of western blot, then the 

membrane was placed in Ponceau stain (Sigma, UK) for 15 min before being washed with 5% 

milk TBST (10% 10X TBS (Tris-Buffered Saline) (88 g NaCl; 24 g Tris base; pH 7.4 in a final 

volume of 1 L MilliQ water and 0.1% Tween 20 diluted in MilliQ water)) on a plate rocker.  

After transfer, the PVDF membrane was blocked for 1 h in 5 % milk in 1X TBST (See recipe 

in Table 2.3). The membrane was then incubated at 4oC in primary antibody (in 1% milk in 1X 

TBST) overnight. Antibody dilutions are available in Table 2.4. After incubation with the 

primary antibody, the membrane was washed in 1X TBST for 3x 10 min before being incubated 

at room temperature for 1 h in the appropriate HRP-conjugated polyclonal secondary antibody 

(Dako, Denmark) at 1:2000 dilution in 1% milk TBST. The membrane was further washed for 

3x 10 min in TBST and incubated in Clarity ECL developing solution (1- luminol enhancer, 2-

peroxidase solution) (BioRad) for 1 min. The membrane was imaged on a ChemiDoc XRS+ 

with Image Lab software (BioRad).  
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Table 2.3: Running and Blotting buffer composition 

 Running Blotting 

Tris-base 30.20g 30.20 

Glycine 144g 144g 

Milli Q water Fill to 1L Fill to 1L 

SDS 10μg 

 

Table 2.4: List of antibodies commonly used in western blotting 

Target Manufacturer Origin Dilution  Band size 

kDa 

Clonality 

α-tubulin Abcam Rabbit 1:4000 50 Poly 

β-actin Santa Cruz Mouse 1:10000 42 Mono 

E &N-

Cadherin 

Cell signalling Rabbit 1:1000 135 Mono 

GAPDH Ambion Mouse 1:5000 36 Mono 

Vimentin Cell signalling Rabbit 1:1000 57 Mono 

2.5.5 Coomassie blue stain 

In order to stain proteins in an SDS-PAGE gel, gels were incubated with Coomassie blue stain 

(‘Instant Blue’, Expedeon, UK) at room temperature for 2 h, and the gels were then washed 
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with MilliQ water and imaged on the ChemiDoc XRS+ using the Image Lab software 

(BioRad). 

 

2.5.6 VEGF and Il-6 (Vascular endothelial growth factor & interleukin 6) Enzyme 

linked immuno sorbent assay  

A sandwich ELISA for VEGF and IL-6 (Novex, UK) was conducted to quantify secreted 

VEGF, as per manufacturers instruction. In brief, conditioned media samples were obtained 

from media incubated with 2D or 3D cell cultures, and added to the wells of the ELISA plate, 

and antigens present became bound to the immobilised antibody at the bottom of the plate. A 

secondary biotinylated antibody was added which bound to the antigen that is captured on the 

well surface. A streptavidin-HRP enzyme was introduced to the system which bound to the 

detection antibody. Finally, a provided substrate is added, which becomes cleaved by the bound 

enzyme resulting in a colorimetric reaction. The colour is directly proportional to the amount 

of VEGF present in the samples. The colour signal was measured using a spectrophotometer 

plate reader (BioTek ELx800) (BioTek, UK) at 450 nm. VEGF secretion levels are normalised 

as picogram (pg) of 3.5 x 104 cells. The secretion levels are normalised to this number as this 

is the number of cells present in both the spheroids and monolayers at the time of seeding. 

Therefore, to normalise the data to one another, allowing it to be comparable, the levels of 

VEGF were normalised to 3.5 x 104 cells. This was done by:  

1. producing a standard curve from known concentrations.  

2. Rearranging Y=MX+C to individualise X (X=(y-C)/M) 

3. Input the data to find X, before identifying volume differences between conditions 

4. The calculated VEGF concentration were normalised to the appropriated start volume 

for each sample. 

5. The cell number noted for the volume collected 
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6. The normalised volume was divided by the number of cells present  

7. Final answer produced for concentration (X) for 2.5 or 3.5 x 104 

For a worked example, see figure 7.3 in the appendix. 

2.6 Microscopy and staining 

 

2.6.1 Spheroid fixation and embedding  

Spheroids were collected after 96 h and carefully washed in 1x PBS. PBS was aspirated, before 

the spheroids were incubated for fixation in 10% formalin (in PBS) for a minimum of 1 h at 

room temperature or overnight at 4oC. Formalin was discarded, and fixed spheroids were 

incubated in a 30% w/v sucrose solution in 1x PBS and allowed to equilibrate at room 

temperature for 1-3 h, until the spheroids sank to the bottom of the microcentrifuge tube. 

Spheroids were then pipetted onto a cork mat in the smallest possible volume of sucrose 

solution. The excess sucrose solution was aspirated without disturbing the spheroids. A small 

volume of optimal cutting temperature compound (OCT) was added on top of the spheroids for 

embedding. Embedded spheroids in OCT were quickly and carefully transferred to -80oC to 

solidify and for storage prior to cryosectioning.  

 

2.6.2 Spheroid Cryosectioning 

Cryostat (Leica, UK) was set at -20oC (+/- 3oC). Embedded spheroids in OCT were cut into 

sections between 8-12 µm and sections were transferred to Polylysine adhesion slides (PLA) 

by rapidly inverting the slides over the samples and allowing surface tension to bind the sample 

to the PLA slide. The slides were then left to air dry for 20 min on a flat surface, before being 

stored at -20oC. 
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2.6.3 Haematoxylin and Eosin staining (H & E) 

H&E staining is utilised in histology and pathology to differentiate cell components, resulting 

in the ability to visualise the overall tissue structure. Haematoxylin stains basophilic/acidic 

structures, such as nucleic acids, blue, whilst eosin stains acidophilic/basic structures, such as 

cytoplasm, red. H&E staining was used to analyse spheroid structure. Pre-prepared slides 

(section 2.6) were taken from the -20 oC freezer and left to thaw for 20 min at room temperature. 

They were then cleared using 100% histoclear (National Diagnostics, UK) for 3 min. Clearing 

is the process of replacing the dehydrant (formaldehyde) with a miscible substance such as 

histoclear or xylene. The clearing agent has the same refractive index as the proteins in the 

sample, resulting in the tissue/sample becoming transparent. Slides were then subjected to a 

series of alcohol solutions of descending concentrations (100, 95, 45, 25 % v/v) for 30 s each, 

before being immersed in 30mL Delafield’s haematoxylin solution (haematoxyline, ethanol 

95% v/v, ammonium alum solution, glycerin, methyl alcohol) for 3 min. The slides were rinsed 

in water for 6 min, before being incubated in ascending alcohol concentrations (25, 45, 75, 

95%) for 30 s each. The slides were then immersed in eosin Y solution (eosin, ethanol and 

glacial acid) for 10 s. Depex mounting media (>=90% Toluene, >=30-50% xylene and >=2.5%-

> 10%) (Sigma, UK) was dropped onto the sample and covered with a coverslip, before being 

left to set prior to microscopy. 

 

2.6.4 Preparation of cells for immunocytochemistry 

 

Cells were pelleted at 180 x g for 5 min. Following this, they were washed in PBS before being 

centrifuged again, counted and resuspended at 5 x 106 cells per mL in 10% w/v formalin. The 

cells were left to fix for 20-30 min in a class 2 biosafety cabinet. The cells were then centrifuged 

(180 x g 5 min) and resuspended in sterile PBS. Polylysine adhesion slides (PLA, Fisher 
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Scientific) were cleaned with 100% methanol, before 10, 000 cells of cell solution was spotted 

on each PLA slide at three or more independent sites. The PLA slides were left to air dry for a 

period of 1-2 h, before being wrapped in saran wrap and stored at -20 °C. The PLA slides were 

removed from -20 oC and left to defrost for 20 min at room temperature. The saran wrap was 

then removed.  

 

2.6.5 Common process for immunocytochemistry and immunohistochemistry 

 

A hydrophobic/diamond miniature PAP pen (Fisher Scientific) was used to mark around the 

cells/sample to be stained. The slide was immersed into 100% ice-cold methanol in a coplin jar 

(Fisher Scientific) on ice for 15 min. The slides were removed and placed face up into a 

moisture chamber. 1X Tris-buffered saline (TBS) was used to wash the slides with the excess 

being carefully removed using dry tissue. Primary antibody was diluted in 1X TBS based upon 

values shown in Table 2.5. 0.5mg/ml primary antibody solution was added to the appropriate 

sample. An isotype species control was also used. The slides were incubated for 1 h in the dark 

at room temperature. After this, the slides were washed with 1X TBS to remove any 

antibody/isotype solution. An HRP-conjugated anti-species IgG antibody was added to the 

sample and incubated for 30 min at room temperature. The samples were washed with 1X TBS 

and 3,3'-diaminobenzidine (DAB) substrate detector reagent (Dako) was added to each sample. 

The slides were incubated for 5 min and then washed with water. 1:5 Lille’s modification of 

haematoxylin was added to each sample as a counterstain. Excess haematoxylin was removed 

by washing the slides in deionised water. The slides were mounted in DPX mountant (Sigma, 

UK) and imaged on an Olympus colour microscope.  
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Table 2.5: Antibody dilutions used for immunocyte/histochemistry and 

immunofluorescence 

Antibody Species Dilution 

CAIX Mouse 1:50 

Ki-67 Mouse 1:100 

E-cadherin Rabbit 1:100 

Β-actin Mouse 1:100 

Pimonidazole  Mouse 1:100 

 

2.6.6 Pimonidazole (PIMO) treatment and staining 

To detect hypoxia presence within samples, PIMO incubation and staining was conducted. 

Immunofluorescence analysis was adopted to visualise PIMO staining.  Briefly, pimonidazole 

binds to cellular thiols present in hypoxic conditions in tumours, and the remaining 

pimonidazole is degraded in water, shown in Figure 2.4.  

For pimonidazole staining, spheroids were seeded at 2.5 x 104 cells per well in a ULA plate 

and left for 96 h in an incubator. At 96 h, 200 μMol of pimonidazole HCL was diluted in saline 

solution (0.9% w/v NaCl in dH20). Spheroids were collected and placed in a microcentrifuge 

tube, spent DMEM was removed and spheroids were washed three times in 1X PBS. Spheroids 

were incubated with Pimonidazole diluted in saline for 90 min, before being washed three times 

in PBS and then incubated in 1X PBS for 30 min. Following the removal of PBS, spheroids 

were fixed in 10% formalin in 1X PBS for 1 h, left in 30% sucrose in deionised water for a 

further 30 min and then placed in OCT as described section 2.6.1. Spheroids were then cut and 

stained using immunofluorescence techniques as noted in section 2.6.6.  
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Figure 2.4: Pimonidazole mechanism of action 

Pimonidazole mechanism of action for the staining of hypoxic tissue and tumour regions. 

Briefly, pimonidazole binds to cellular thiols present in hypoxic conditions, and the remaining 

pimonidazole is degraded in water (redrawn from Hypoxyprobe example). 
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2.6.7 Immunofluorescence 

Spheroid sections were obtained in the manner depicted in section 2.6.6. Sections were taken 

from -20oC and left to thaw for 15 min at room temperature. The slides were permeabilised for 

10 min in 1X PBS 0.5% Triton X-100 before being blocked in 2% bovine serum albumin (BSA) 

in 0.1% Tween in 1X PBS for 2 h at room temperature. Afterwards, the slides were washed in 

1X PBS and a hydrophobic PAP pen (Sigma, UK) was used to draw around the sample. Primary 

antibody diluted in TBS at the concentration noted in Table 2.5 was added to the section and 

left to incubate overnight at room temperature. The following day, sections were washed 

thoroughly in TBS and incubated for 90 min at room temperature in fluorochrome/fluorophore 

conjugated anti-species secondary antibody diluted at 1:250 in TBS. Prolong gold antifade 

nuclei counterstain (ThermoFischer, UK) was added to the sections, which were then covered 

with coverslips. The slides were imaged on a Zeiss fluorescence microscope as previously 

noted (Section 2.6.6).  

2.7 Initial flow cell (‘gen 1’) 

2.7.1 Microfluidic Device design and fabrication 

The initial device design for this study needed to allow the passage of cell culture media and 

spheroids of varying sizes into and out of the microfluidic device. It was envisaged to entrap 

spheroids within a specific zone, whilst allowing media to continually perfuse over the spheroid 

for a prolonged period. Effluent media was to be collected for further analysis. Furthermore, it 

was desirable to have a non-gas permeable device that would be readily machinable, reusable, 

and inexpensive to produce. Schott B270 glass was chosen as the device material to fit these 

characteristics and functions, coupled with available techniques and machinery. The device 

was designed in discussion with Dr Iles, based on a previous model used within the University 

of Hull. The fabrication was also carried out by Dr Iles. The design was drawn in SolidWorks 

(Waltham, USA) (Figure 2.5) and milled with a Computer Numerical Controlled (CNC) 

machine (Datron, Germany) using a diamond milling tool of 1 mm diameter (Eternal Tools,  
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Figure 2.5: Generation 1 microfluidic device panel image (schematic and a cross sectional 

drawing) 

The generation 1 microfluidic device schematic (in mm) used for CNC milling purposes a), 

Generation 1 microfluidic device cross sectional drawing with an example spheroid in the 

micro-well b)( 2 mm radius on the inlet and outlet are shown in the cross sectional drawing in 

b)  

  

a) 

b) 
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UK). A second glass slide was thermally bonded to enclose the channel structure. The 

microfluidic device contained a 2 mm wide inlet and outlet port, with a deep channel at a depth 

of 0.6 mm and a width of 1.5 mm, leading to a microwell of 2 mm x 1 mm (width x depth) and 

a shallow channel of 0.15 mm depth and a width of 1.5 mm. Overall the channel length was 55 

mm from the inlet to the outlet and the entire device was designed to contain one spheroid 

under continuous perfusion culture.  

2.7.2 Device inlet and outlet tube assembly 

Two 5 mL disposable syringes (BD, Oxford, UK) were inserted into the inlet and outlet holes, 

before being cut with a scalpel at the base, leaving just the nozzle of the disposable syringes 

left in the inlet and outlet holes. These were trimmed to size using a scalpel, to create a snug 

airtight fit. Araldite Rapid glue (RS Components, UK) was then carefully applied around the 

inlet and outlet ports, with the nozzle base attached, and left in a 37oC incubator for 2 h to 

solidify and set. 200 μl pipette tips were cut at approximately 1 cm from the base. Two pieces 

of PTFE tubing (polytetrafluoroethylene) (ColeParmer Natural, Item # WZ-06605-27, i.d. 

1.6mm, o.d. 3.2mm, wall thickness 0.8mm) were cut at about 12 cm in length and a further two 

1 cm sections of larger Tygon (STI VWR bioprocessing 2375, i.d. 3.2 mm, o.d. 6.4mm )tubing 

was also cut. The larger diameter tubing was fed over the smaller diameter tubing and inserted 

into the pipette tip. This resulted in the thicker tubing being at the tip of the pipette. Araldite 

Rapid glue was applied to ensure the tubing would stick to the pipette tip. The tubing was 

selected based on their biocompatibility properties and methodological use.  

This was mirrored on the alternate end of the PTFE tubing; however, the tip was the opposite 

way around, so it could be attached to a disposable syringe. A second tubing set was made 

without a pipette tip on one end, leaving an exposed PTFE tube ending, to allow effluent to 

flow out into a collect vesicle. This was repeated so there were multiple sets of tubing, for both 

the inlet and out ports, as can be seen in Figure 2.6.  
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Figure 2.6: Generation 1 inlet and outlet tubing and the microfluidic device image 

Outlet PTFE tubing assembly. a, b) The pipette tip has a thicker piece of PTFE inserted into 

its base to create a snug fit, before a thinner piece of PTFE with an open end is inserted, c) the 

pipette tip is inserted into the outlet to allow media to flow out. d, e) The inlet tubing is the 

opposite of the outlet tubing; however, the PTFE tubing has a pipette tip on each side, this will 

allow the syringe to be attached to the f) upper pipette tip whilst the lower is attached to the 

inlet. The flow for leaks was tested and the gen 1 microfluidic device photo from above with 

brilliant blue dye flowing from the deep channel, through the micro-well and into the shallow 

channel is shown below. Scale bar represents 5 mm  
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2.7.3 Device integrity assessment 

To ensure the free flow and passage of fluids through the microfluidic device uninterrupted, 3 

mL of brilliant blue dye solution (SigmaAldrich, UK) was pumped from a 10 mL disposable 

syringe (BD) by hand, thus the speed of infusion was variable. This allowed the identification 

of any leaks or holes present, which could compromise future experiments. The microfluidic 

device was then imaged on an inverted microscope, at 10x magnification with a handheld 

camera. Once the integrity of the device was ensured, media was flown through the device in 

the same manner as detailed above and imaged. 

2.8 Experimental procedures for initial flow cell design 

2.8.1 Incorporation of spheroids into the generation 1 microfluidic device 

Spheroids were carefully collected, using a P1000 pipette, from the 96 ULA plate and placed 

into labelled collection tubes. The inlet tubing was placed in the outlet port, whilst the outlet 

tubing was place in the inlet port (shown in Figure 2.7). The spheroids were drawn into the 

microfluidic device, which was then placed in an egg incubator (Covatutto 24 eco, Novital, 

Italy) see Figure 2.8, which was set to 37 oC. The tubing was set up to a 10 mL disposable 

syringe filled with DMEM. The disposable syringe was placed in an electronic syringe pump 

(Harvard apparatus) and set to 3 µL per h for a total of 72 h per experiment. 

2.8.2 Treatment of microfluidic device to decrease cell adherence for generation 2 

To prevent the adherence of cells to the microfluidic device glass surface, glass modification 

experiments were performed (Tarn 2011). These treatments were performed to render the 

microfluidic device resistant to cell adhesion, which would be beneficial to both the current  
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Figure 2.7: Setup used for the placement of spheroids into microfluidic device.  

Spheroids (96 h post seeding) were transferred into a collecting tube. The tubing was arranged 

as shown above. A disposable syringe was used to draw the spheroids into the device in the 

manner denoted by the arrows. Upon a successful placement of a spheroid in the microfluidic 

device, the tubing was reversed back (so the inlet and outlet tubing were attached to the inlet 

and outlet ports). A disposable syringe filled with 10 mL DMEM was placed in an electronic 

syringe pump and was set to a flow rate of 3 µL min-1 for 72 h.  
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Figure 2.8: Egg incubator and microfluidic device set up  

 

Disposable syringes filled with complete DMEM is connected to a microfluidic device placed 

inside an egg incubator (Covatutto 24 eco, Novital, Italy). The flow rate is set to 3μl min-1 and 

the spent media collected in a 15ml collection vesicle. After 24 h the vesicles are replaced. 
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and future microfluidic device design and functionality (Corey et al. 2010). To prepare a 

surface with decreased cell adhesion, silanisation of the microfluidic device glass surface was 

performed, followed by treatment with the PEG tri-co-polymer F108 (1g per 100 ml) (Sigma, 

UK). Silanisation is the process of covering (surface treating) a surface (glass) with 

organofunctional molecules to prevent the absorption of solute to glass surfaces, resulting in 

the increasing of its hydrophobicity (Seed 2001). The silanisation step is necessary as F018 can 

only bind to hydrophobic surfaces and has been shown to lead to decreased cell adhesion 

(Corey et al. 2010).  

2.8.3 Silanisation of generation 2 microfluidic device and treatment with PEG F108 

The silanisation agent chosen was octadecyltrichlorosilane (OTS) (Sigma, UK) OTS as it has 

been shown to render the glass surface hydrophobic (Lee and Sung 2005, Tarn 2011). For the 

silanisation, the glass device or slide to be treated, were initially cleaned in piranha solution 

(30% hydrogen peroxide and 99.9% sulfuric acid, 1:3), before being cleaned in a furnace (500 

°C for 6 – 12 h) with no tubing attached. After this time, the device and glass slides were 

flushed and washed with acetone, before being dried and flushed with air. These steps were 

critical as they would remove the presence of water from the glass surfaces, as these could 

result in powered residues and by products which could block the microfluidic device channels. 

A 1% v/v silane solvent solution (comprised of 90% v/v octadecyltrichlorosilane, 99 % v/v 

hexane and 99% v/v chloroform formed in a 1% v/v solution in 4:1 of Hexane: Chloroform) 

was flushed through the device and over the slide. The device and slide were immersed in the 

solution for at least 10 min to allow the solution to react. Afterwards, the glass was washed 

with acetone and water once more allowing it ready for use. OTS was stored in a desiccator for 

2-3 weeks when not in use to reduce the amount of water present, as this can cause the 

formation of powdery residues. OTS features a silane group with four substituents and a -R 

group. Shown in figure 2.9. 



96 | P a g e  
 

 

 

 

Figure 2.9: Octadecyltrichlorosilane chemical structure and glass surface modification 

 

Octadecyltrichlorosilane chemical structure a). A modification of the glass surface from b) to 

c). A 1% v/v silane solvent solution (comprised of 90% octadecyltrichlorosilane, 99 % hexane 

and 99% chloroform) was formed in a 1% solution in 4:1 of Hexane: Chloroform) was flushed 

onto a glass surface. OTS features a silane group with four substituents and a -R group 

responsible for causing the glass to become hydrophobic. The chlorine present in OTS reacts 

hexane in the solvent to produce an alkoxy silane and hydrochloric acid, meaning the silanizing 

agent works due to hydrolysis. The chlorine (-Cl) present in OTS was used to link the silane to 

the surface. 
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responsible for causing the glass to become hydrophobic. The chlorine present in OTS reacts 

hexane in the solvent to produce an alkoxy silane and hydrochloric acid, meaning the silanizing 

agent works due to hydrolysis. The chlorine (-Cl) present in OTS was used to link the silane to 

the surface. After the glass surface was turned hydrophobic, the microfluidic devices (including 

the filled channels) were incubated for 12 h at 55 °C in PEG tri co polymer F108, to turn the 

surface resistant to cell adhesion (Corey et al 2010). 

2.8.3.1 Silanisation within microfluidic devices 

To silanise the microfluidic device, the devices were treated in a similar manner to the glass 

slides. Like the microscope slides, a 1% OTS solution was prepared as before, before 10 ml 

was flowed into the channels by hand using glass syringes. Following this, 10 ml of OTS was 

added into the devices from both the inlet and outlet port simultaneously to ensure all channels 

were filled. The solution left within the devices to incubate for 20 mins. After this time. The 

devices were flushed with air three times, before 10 ml of F108 was added into the inlet and 

outlet channels in the same process described for OTS. The F108 was left incubated within the 

microchannels for 12 h overnight at 55oC.  

2.8.3.2 Contact angle measurements for generation 2  

 

To demonstrate whether the silanisation and surface treatment of the glass surface was 

successful in increasing the hydrophobicity, contact angles were measured. The contact angle 

of a water droplet in relation to the glass surface can denote the levels of hydrophobicity present 

(Cras et al. 1999);  where a contact angle is greater than 90o, it indicates a hydrophilic surface; 

where it is less than 90o, the surface is hydrophobic.  

The contact angles were measured using a droplet of 20 µL of water on multiple testing slides. 

An untreated glass slide was used as a hydrophilic control, and a p-nitrile surface was used as 
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a hydrophobic control, by using lab glove surface stretched over a slide. These two conditions 

were used to demonstrate how water droplets would form and allow a comparison of the contact 

angles of water in both a water repelling and water loving surface. Three further microscope 

slide conditions were tested: (1) an untreated glass slide, (2) an OTS silanised glass slide and 

(3) an OTS silanised slide following F108 treatment. The slide was placed on a shape drop 

analyser (Kruss, Germany). 20 μl of deionised water was pipetted on at least four separate 

locations on the slides. The droplet was imaged and analysed on the shape drop analyser, with 

the angle between the water and slide surface being determined automatically by the Kruss 

analyser. This was repeated at least two further times with separate slides. 

2.8.4 Testing of surface treatment  

As F108 PEG tri-co-polymer treatment has been shown to lead to decreased cell adhesion 

(Corey et al. 2010). The efficacy of this treatment needed to be determined prior to 

implementation in the microfluidic devices. In order to do so, an experiment was conducted 

using cell monolayers and four variations of treated microscope slides, namely (1) an untreated 

glass slide, (2) a glass slide treated with polylysine (PLA) which is known to promote better 

cell adhesion, (3) a glass slide with OTS and (4) a glass slide silanised with OTS and further 

coated with 1% w/v F108. The slides were cleaned with 70% ethanol and stored a sealed 

Tupperware container until further use. MCF7 and U-87 MG cells were prepared in a cell 

suspension of 5 x 106 cells mL-1. The four variations of microscope slides were placed in 

separate tissue culture dishes. The MCF7 and U-87 MG cell suspensions were pipetted over 

the top of the slides, DMEM added and the dishes placed in an incubator at 5% CO2 and 37 oC 

for 24 h to allow cells to adhere. After 48 h, the slides were removed and placed into a clean 

and sterile tissue culture dish. The dishes were immediately taken to a microscope set at 5 x 

magnification (Zeiss, Germany) and imaged in random locations over the slide, to study the 

adherence of cells across the different treatments. 
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2.8.5 Hydrogel incorporation into generation 2 and 3 microfluidic devices 

 

Several hydrogels and ECMs were chosen for this study, namely; Collagen, Fibronectin, 

Matrigel, Gelatin and Peptigel as these hydrogels offered different elements of the extracellular 

matrix and have been previously used for migration and invasion assays (Vinci et al, 2013). 

Before all hydrogel incorporation, the microfluidic device was cleaned with 100% ethanol at 

least three times and further perfused with 1X PBS, using 50ml of each solution perfused by 

hand. The device was then flushed with PBS to ensure the channels and microwells were 

wetted. Two disposable syringes (BD, Plastipak, UK) were attached at the inlet and outlet ports 

and the plungers pressed to the base, ensuring that no air remained within the channels or 

microwells. Gel solutions were prepared as summarised in table 2.2. 10 μl of gel solution was 

added directly to the microwell using a pipette, ensuring no air bubbles were present. The 

microfluidic device was then left for a period to air dry at varying temperatures (see table 2.2 

for conditions). The device was imaged on a microscope at 5x magnification (Zeiss, Germany), 

before brilliant blue solution (Sigma, UK) was flowed into the device and imaged in the same 

manner to study whether the hydrogel was incorporated successfully.  

 

2.8.6 Cell migration 

Cell migration is a critical process within metastasis. The migration process involves complex 

interactions between host cells, proteins, cell junctions and the ECM. Therefore, it was essential 

to try and recapitulate this in vivo process in vitro. To mirror this within the microfluidic device, 

hydrogels and ECM were adopted to simulate the migration process. Several hydrogels and 

ECMs were chosen for this study, namely; Collagen, Fibronectin, Matrigel, Gelatin and 

Peptigel, as they were readily available, offered different elements of the ECM and have been 

previously used for transwell migration assays.  
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2.9 Access port device (gen 2) 

2.9.1 Device design and fabrication 

Several issues were found in the initial ‘generation 1’ microfluidic device design. Although the 

generation 1 device allowed for incorporation of spheroids, continuous prefusion of media and 

collection of effluent, the device lacked the ability to directly image the spheroids on-chip. It 

was not possible to collect an intact spheroid post 72 h incubation as they were found to be 

broken, disaggregated and disrupted. There was the risk of the spheroids becoming entrapped, 

lost or disaggregated when initially pumping the spheroid into the fluidic device as was 

observed for several cell lines. 

Taking these limitations into account, a new design was developed with the input of Dr Alex 

Iles. The generation 2 microfluidic device was designed with the same geometry as the 

generation 1 device and was again fabricated in Schott B270 glass. One alteration to the 

geometry was a 70 μm weir, which was milled at the entrance of the shallow channel, to prevent 

any through flow of spheroids out of the microfluidic device. A hole was also milled directly 

above the micro-well, which would allow the direct pipetting of spheroids into and out of the 

micro-well, pipetting of ECM-like matrices and hydrogels into the micro-well, as well as direct 

imaging of the micro-well itself. Removable transparent poly dimethyl siloxane (PDMS) plugs, 

(3 mm wide) were fabricated and moulded to exactly fit into the hole above the micro-well to 

prevent leakage of the microfluidic device. The PDMS plug was produced by mixing a 10:1 

ratio of plastiser (Sigma) to curing agent (Sigma), and allowing it to be centrifuged at 1700 x 

g for 10 min. The mixed liquid PDMS was poured into a plastic mould and left to set for 2 days 

at room temperature. The plugs were then pushed out after 2 days and placed into the 

microfluidic device port to test the size fit. The generation 2 microfluidic device design can be 

seen as a schematic (Figure 2.10A), as a cross sectional side profile (Figure 2.10B) and as a 

photo (Figure 2.10). To further prevent spheroid disaggregation and cell sticking all devices 

were silanised with OTS and treated with F108 as detailed in previous sections 2.8.2. 
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2.9.2 Generation 2 device integrity assessment 

Like the generation one microfluidic device, the second device needed to be assessed for leaks 

and free passage of fluids. The variation in design, the microwell access port, meant that there 

was a much higher percentage of leaks due to a third hole being introduced. Furthermore, the 

access port above the microwell would not be bound with glue and an inlet interface tubing 

device, it would be sealed with a PDMS plug interface, resulting in a higher chance of the fluid 

being able to free flow out into the external environment. To ensure the free flow of fluids 

through the generation two microfluidic device, 3 mL of brilliant blur dye solution 

(SigmaAldrich, UK) was loaded into and pumped from a 10 mL disposable syringe (BD) by 

hand as was done previously with the generation one device.  The microfluidic device was 

imaged in the same manner on a zeiss microscope at 10x magnification. The device was then 

imaged using a handheld camera and shown in figure 2.10.  

2.9.3 Generation 2 device spheroid integration  

 

Spheroids were incorporated into the generation two microfluidic device through the microwell 

access port. Spheroids, U-87 MG and MCF7, were seeded at 2.5 and 3.5 x 104 cells per well in 

a 96 well plate as detailed previously. A single spheroid was pipetted in a p1000 pipette and 

the pipette was carefully placed over the microwell through the access port. The spheroid was 

gently released into the base of the microwell, ensuring most of the liquid was ejected as to not   
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Figure 2.10: Generation 2 microfluidic device panel image - schematic, cross sectional 

drawing and photo  

Generation 2 microfluidic device schematic (in mm) used for CNC milling purposes a), 

Generation 2 microfluidic device cross sectional drawing with an example spheroid in the 

micro-well and a grey PDMS plug with arrows denoting the removability of its b) Access port 

device   

b) 

a) 
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Figure 2.11: Generation 2 microfluidic device panel image  

A photo from above with brilliant blue dye flowing from the deep channel, through the micro-

well and into the shallow channel. Scale bar represents 5 mm 
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disturb the spheroid. The PDMS plug was then placed over the top of the access port and the 

device connected to the disposable syringes for experimentation.  

2.9.4 Device design and fabrication 

 

The second-generation device, although an improvement upon on the first design, still resulted 

in several problems. The device did not allow the spheroid to be imaged as clearly as required, 

with the rough microwell base refracting and reflecting light unevenly. This meant that the 

spheroids could not be imaged within the device under flow as desired. It was desired as 

hydrogel incorporation and subsequent migration of the spheroids needed to be monitored.  

Therefore, a further advancement on the device design was proposed and constructed with the 

help of Dr Alex Iles. The advancement would allow real time spheroid monitoring and 

migration through the addition of a glass coverslip at the base of the microwell. The device for 

generation three was designed with the same geometry as the generation two device and was 

again fabricated in Schott B270 glass. However, a borosilicate glass coverslip was thermally 

bonded to the base to allow better clarity and imaging of the spheroids when inside the device. 

The generation three microfluidic device design can be seen as a schematic (Figure 2.12) and 

as a cross sectional side profile (Figure 2.12). 

 

2.10 Statistical analysis 

Experiments were repeated in triplicate (internal replicate of 3) with a minimum of n of 3 (intra 

experimental) unless otherwise noted within the figure legend. Standard error was calculated 

on graphed data and statistical significance was determined using a two-way ANOVA using 

GraphPad Prism (California, USA). Significance was determined if p<0.05. Error bars 

represent Standard Error of the mean (SE), unless otherwise noted, p values denote values 

being less than * 0.05, ** 0.01 ***0.005 ****0.0001. 
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Figure 2.12: Generation 3 microfluidic device panel image (schematic and cross sectional)  

Generation 3 microfluidic device schematic used for CNC milling purposes a), Generation 3 

microfluidic device cross sectional drawing with an example spheroid in the micro-well and a 

grey PDMS plug with arrows denoting the removability of its b). The microwell base features 

a borosilicate glass coverslip bounded externally to the glass of the overall device. This allows 

direct better viewing of the spheroid mass.   
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Chapter 3. Characterisation of cancer spheroids for 

incorporation into a microfluidic device 

 

  



107 | P a g e  
 

3.1 Introduction 

3.1.1 Spheroids as cancer models 

 

Following on from section 1.3.4 in the introduction, a cancer cell line spheroid can be defined 

as an amalgamation or agglomeration of cells from a cancer cell line formed into a spherical 

structure (Weiswald et al., 2015). Spheroids are attractive models for cancer research due to 

their morphology, which gives rise to a more realistic representation of mammalian tumours 

(Sutherland, 1988). The diffusion gradient of oxygen, nutrients, metabolites, and catabolites in 

tissues is 200 μm, generating heterogenous chemical and nutrient gradients (Mehta et al., 

2012). This results in distinct, clearly defined internally differentiated zones (figure 3.1). The 

zones are well characterised, with a central region of necrosis with an acidic pH, low waste 

removal and poorer nutrient acquisition, surrounded by layers of proliferating and quiescent 

cells in the G0 phase of cell cycle and growth (Chandrasekaran & King, 2012; Mehta et al., 

2012). Spheroids have been shown to be advantageous over 2D cultures, including work by 

both Vinci et al and Imamura et al., showing how spheroids can be used to form both 

heterogeneous cell populations and microenvironmental conditions, in comparison to those of 

2D cultures (Vinci et al., 2012; Imamura et al., 2015). However, it must be noted that spheroids 

(MTCS) lack the complexity of in vivo models, being a singular cancer cell type, in comparison 

to a complex mixture of primary cells, immune cells and basement membrane mix. This is the 

spheroids largest caveat. 

3.1.2 Spheroid types and generation techniques  

 

All spheroids can be classified into four main different subtypes, originating from different 

sources and generated using different techniques. The subtypes are multicellular tumour 

spheroid (MCTS), tumourspheres, tissue-derived tumourspheres, and organotypic 

multicellular spheroids (Raghavan et al., 2016).  
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Figure 3.1: Spheroid composition  

(a) Schematic of spheroid zones; proliferating cells on the outside are surrounding a layer of 

quiescent cells and a necrotic core. (b) Example of a microscope image of a spheroid 

showing the internal zones formed from diffusion gradients, coupled with oxygen content  

(Adapted from Zanoni et al., 2016)  

  

(b) 

(a) 
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MCTS are formed from cell lines and rely on the propriety of cells to bind to one another as 

opposed to the culture plate. The techniques used to generate MCTS include hanging drop, 

liquid overlay technique which includes ULA (ultra-low adherence) aggregation, and a more 

recent technique using microcapsules with membranes contained within methylcellulose 

(Weiswald et al., 2015;Raghavan et al., 2016). The liquid overlay technique produces 

reproducible and uniform spheroids (Vinci et al., 2012). In this process, single cell suspensions 

are grown in non/low adherent conditions, such as being grown in plates coated with agarose, 

that prevents cell adhesion, resulting in cells aggregating to one another instead of the plastic 

base (Weiswald et al., 2015).  

Tumourspheres, on the other hand, are formed from individual cells suspended in an ECM-

like matrix and represent individual colonies. Tumourspheres are formed from one cancer stem 

cell, proliferating to form a spherical, solid and round structure. Tumourspheres range from 

<50 μm to 250 μm and are distinguishable from aggregated single cells (such as MCTS) due 

to their structure. The structure of tumourspheres appear to be a dense, solid mass with no 

distinguishable space between cells, whilst MCTS appear to be larger, the cells are 

distinguishable from one another and are not one solid mass. The original cancer cell is grown 

in serum free and non-adherent conditions. However, only certain cancer cell lines can form 

cancer tumourspheres, such as MCF7, BT474 and primary mammary tumour cells from neu 

Mice (Johnson et al., 2013).  

Tissue-derived tumourspheres are formed from cancer tissue samples which are partially 

dissociated and aggregated in non-adherent environment. Tumour derived spheroids are grown 

in a similar manner to MCTS, i.e. in low adherent conditions, resulting in free floating spheres. 

Tumour derived spheroids are an in vitro model of cancer used to evaluate cancer stem cells 

(CSC), with stem cell related characteristics. They are a high throughput method, with non-
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tumour niches present that can be genetically manipulated. (Mehta et al., 2012; Weiswald et 

al., 2015).  

Organotypic multicellular spheroids are cultured in a similar method to the tissue derived 

spheroid, but the dissected tumour is cultured with low percentage agar media and cultured for 

2 to 3 weeks, with a media changed once a week. This model allows more realistic testing 

conditions of tumours, especially as it directly from a patient (Weiswald et al., 2015). The 

cancer tissue can either be enzymatically or mechanically dissociated, and the cancer itself will 

maintain histological features and heterogeneity seen from within the host. Organotypic 

multicellular spheroids contain cancer cells, stromal components, and non-cancer cells, and are 

intended to accurately reproduce the tumour microenvironment. Several cell lines have been 

described to be used to generate spheroids indicating the availability, robustness and 

reproducibility of the spheroid model. (West, 1989; Chandrasekaran & King, 2012; Mehta et 

al., 2012; Vinci et al., 2012; Imamura et al., 2015). A breakdown of spheroids is shown in table 

3.1. 

3.2  Rationale and aim of this chapter 

The rationale underpinning the work in this chapter is that incorporation of relevant spheroid 

models within a microfluidic device would allow researchers to explore what effects the 

internal forces acting within the microfluidic device would have on cancer migration and 

spread, using relevant 3D in vitro models. It was essential to characterise the spheroids 

thoroughly to ensure they were following observations shown in the literature. This would 

allow us to be confident that any differences noted post incorporation were a result of the 

microfluidic device. 

Therefore, the key aim of this chapter was to characterise and establish which spheroids would 

be suitable for introduction into a microfluidic device. In order to do this, the objectives of this 
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series of experiments was to establish and characterise spheroid formation, growth kinetics, 

structure, and invasive/migratory potential off chip.  

 

 

Table 3.1 – Types of 3D spheroid models  

3D cancer models 
Multicellular 

tumour spheroids 

Organotypic 

multicellular 

spheroids 

Tumour-derived 

spheroids 

Source Cancer cell line Tumour tissue Tumour tissue 

Clonality of 

tumour cells 
Monoclonal Polyclonal Poly/monoclonal 

Histological 

preservation of 

original tumour 

- + + 

High throughput + - - 

Genetic 

manipulation 
+ + + 

Non-tumour niche 

cells 
- + - 

CSC like cells + - + 
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3.2  Experimental design 

 

3.2.1  Spheroid growth characterisation 

 

To investigate spheroid growth in a variety of cell lines, a cell line panel was used. Several 

cancer cell lines, U-87 MG (glioblastoma), MDA-MB-231 and MCF7 (breast), and HCT116 

and HT29 (colorectal), were seeded in ULA plates at a range of cell densities (5 x 103, 2.5 x 

104, 3.5 x 104, and 5 x 104 cells per well), and spheroids were generated as previously detailed 

(Section 2.3.1). Spheroids were then imaged on the Zeiss microscope, and diameters 

determined using ImageJ. A growth pattern analysis/curve was conducted for U-87 MG and 

MCF7 cells. The spheroids were seeded at 2.5 x 104 and 3.5 x 104 cells per well and imaged 

using brightfield settings every 24 h post formation, for 2 - 3 weeks. The diameters were 

measured via Image J.  

3.2.2 Spheroid zone and histological structure characterisation 

 

The viable rim of cells at the spheroid extremity should remain at 60-200 µm due to the 

diffusion limits of nutrients, particularly oxygen, whilst the spheroid core should vary in size 

due to the increased toxic metabolic waste and inability to gain essential nutrients (Mehta et 

al., 2012). A semi-quantitative approach was adapted from a protocol developed by Monazzam 

et al. to investigate how the core and viable rim of cells present in a spheroid changes over a 

period of time (Monazzam et al., 2005). MCF7 and U-87 MG pheroids were formed and 

imaged over a period of 3 weeks on a brightfield microscope and the zones plotted on ImageJ.  

In order to evaluate the histological structure, spheroids were fixed with formalin, embedded 

in OCT, and sectioned through the protocol detailed in sections 2.6.2, prior to staining through 

conventional immunofluorescence and immunocytochemistry techniques. To assess structural 
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integrity of spheroids, Haematoxylin and Eosin staining was conducted, as per section 2.6.5. 

In order to evaluate other biochemical biomarkers of proliferation and the presence of hypoxia, 

MCF7 and U-87 MG spheroid sections were stained for KI-67 (proliferation marker), CAIX 

(hypoxia-inducible protein) and β-actin (as a positive control). The presence of hypoxic regions 

was also further evaluated indirectly using the Hypoxyprobe (Pimonidazole) dye (as per M&M 

section 2.6.3). 

3.2.3 Spheroid migrative and invasive capability characterisation 

 

To investigate spheroid migration and invasive potential, MDA-MB-231, U-87 MG, and 

MCF7 spheroids were embedded in various hydrogels, specifically gelatin (0.1% in dH20), 

collagen (1-3 mg) and Matrigel (10 mg mL-1), as previously described (Vinci et al, 2013). 

Spheroid plates were then imaged every 24 h for 3 days and analysed for the total area shown 

in section 2. 3. 
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3. 3 Results 

 

Spheroid diameter is an important measure. It will denote seeding densities to be used for 

further experimentation. It can be observed in Figures 3.2 – 3.5 that spheroid diameter 

increased concurrently with an increase in seeding density, for all cell lines used. Almost all 

cell lines, excluding MDA-MB-231 cells, used in this study formed very similar sized 

spheroids when seeded at the same densities; which was the case for all cell densities 

(approximately 1,000 µm when seeded at 2.5 x 104 cells per well) (Figure 3.4). Spheroids were 

considered dense if they had a compact appearance and did not disintegrate upon pipetting. 

However, when compared to the other cell lines tested, MDA-MB-231 cells formed spheroids 

that were much larger, for example 60-70% larger than MCF7 and U-87 MG spheroids, less 

dense and more loosely formed (Figure 3.3). The smallest MDA-MB-231 spheroids had an 

average diameter of 881 µm (5 x 103 cells per well), and the largest 1,810 µm (5 x 104 cells per 

well). The corresponding cell density spheroids for MCF7 cells, for example, were smaller, 

with a respective average diameter of 793 µm and 1,300 µm. Spheroids generated from the 

HT29 and HCT116 colorectal cancer cell lines were larger than their MCF7 and U-87 MG 

counterparts. Importantly, these data also showed that spheroid generation was reproducible. 

U-87 MG and MCF7 spheroids were chosen to further evaluate growth kinetics and establish 

whether they could be integrated within the microfluidic device. It was hypothesised that as 

time increases so does the spheroid size and that spheroids seeded at 2.5 x 104 and 3.5 x 104 

cells per well will be more suited for entrapment within the microfluidic device micro-well. 
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Figure 3.2:  Evaluation of optimal spheroid seeding densities.  

Spheroids were generated as described in Materials and Methods (section 2.3). In brief, spheroids for U-87 MG (a), MCF7 (b), MDA-MB-231 (c), HT29 (d), 

and HCT116 (e) cancer cell lines in ULA plates in triplicate wells at four seeding densities (5x103, 2.5x104, 3.5x104, and 5x104 cells per well). Image shown is 

a representative example of the images obtained from the GelDoc images, and of n=3 experimental repeats in triplicate. Scale bar = 2000 µm. 

 



116 | P a g e  
 

 

 

 

 

 

Figure 3.3: Evaluation of optimal spheroid seeding densities: U-87 MG. 

 Spheroids were generated as described in Materials and Methods (section 2.3). In brief, spheroids for 

U-87 MG glioblastoma cell line were generated in ULA plates at four seeding densities (5x103, 2.5x104, 
3.5x104, and 5x104 cells per well). (a) Image shown is a representative example of spheroids for each 

cell density at 4 days post seeding. (b) Histogram represents average U-87 MG spheroid size (diameter) 

in µm, measured 4 days post seeding. Error bar depicts SE.  Scale bar = 1000 µm. n=3 experimental 

repeats in triplicate.  
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Figure 3.4: Evaluation of optimal spheroid seeding densities: MDA-MB-231 and MCF7.  

Spheroids were generated as described in Materials and Methods (section 2.3). In brief, spheroids for 
MCF7 and MDA-MB-231 breast cancer cell lines were generated in ULA plates at four seeding 

densities (5x103, 2.5x104, 3.5x104, and 5x104 cells per well). (a, c) Images shown are a representative 

example of spheroids for each cell density at 4 days post seeding for MDA-MB-231 (a) and MCF7 (c). 
(b, d). Histograms represent average spheroid size (diameter) in µm for MDA-MB-231 (b) and MCF7 

(d), measured 4 days post seeding. Error bar depicts SE.  Scale bar = 1000µm. n=3 experimental 

repeats in triplicate. 
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Figure 3.5: Evaluation of optimal spheroid seeding densities: HT29 and HCT116. 

 Spheroids were generated as described in Materials and Methods (section 2.3). In brief, spheroids for 

HT29 and HCT116 colorectal cancer cell lines were generated in ULA plates at four seeding densities 

(5x103, 2.5x104, 3.5x104, and 5x104 cells per well). (a, c) Images shown are a representative example 
of spheroids for each cell density at 4 days post seeding for HT29 (a) and HCT116 (c). (b, d). 

Histograms represent average spheroid size (diameter) in µm for HT29 (b) and HCT116 (d), measured 

4 days post seeding. Error bar depicts SE.  Scale bar = 1000 µm. n=3 experimental repeats in triplicate. 
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3.3.1 Evaluation of spheroid growth pattern 

 

As large multi-cellular spheroids (>200 µm in diameter) contain distinct zones (Figure 3.1), 

measurement of spheroid size as a function of time is an important consideration for suitability 

as models. A typical growth patterns is illustrated in figure 3.6. The results obtained here are 

shown in figure 3.7. Initially, single cells were observed to self-assemble to form spheroids 

through intercellular interactions and merge (day 1-2). These cells coalescence, eventually 

leading to the formation of dense spheroids (day 3-4). After the formation stage, the U-87 MG 

spheroids (Figure 3.7) were seen to increase in size from 706 µm on day 4 to 1,039 µm on day 

10, before a plateau and slight decrease in size toward the 18th day.  

 

3.3.2 Spheroid Zones characterisation (Core and Proliferative rim) 

 

A semi-quantitative approach was adapted from a protocol developed by Monazzam et al. to 

investigate how the core and viable rim of cells present in a spheroid changes over a period of 

time (Monazzam A et al., 2005). The method is based on defining two zones, the core and 

proliferative rim. MCF7 spheroids seeded at 2.5 x 104 cells per well largely followed the 

expected growth patterns noted previously (Figure 3.6). The single cell suspension aggregate 

decreased in total area size by day 4, seemingly when the cell suspensions form a compact and 

dense spheroid. From day 4 the spheroid grew and increased in size, as the proliferative rim of 

cells continued to proliferate. The spheroid therefore increased in overall size until the final 

timepoint of 19 days, being nearly double the total area from the 4th day of initial spheroid 

formation. 
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Figure 3.6  Spheroid growth patter and structural zoning 

Growth curves typically feature three phases: (1) Within 2-4 days from seeding, spheroids are 

expected to form from the cell suspension. The spheroid becomes more compact, and therefore a 

reduction in size is typically observed during this formation phase. (2) This is then followed by a 
period of growth in size, indicating the successful proliferation of cells. The spheroid size is strongly 

correlated with the cellular functions present within the spheroid. (3) Finally, the spheroid growth is 

expected to plateau/decrease. The plateau/decrease is due to increasing proportion of non-
proliferating (quiescent) and necrotic cells present. The proportion of non-proliferating cells equals 

the level of proliferative cells, resulting in a decreased growth rate, before reaching a growth plateau. 

The necrotic core further increases in size, whilst the proliferating cell layer on the outside decreases. 

Created with Bio render. 
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Figure 3.7: U-87 MG spheroid growth pattern  

 

Spheroids were formed from U-87 MG cell suspensions of 3.5 x 10 4 cells per well as previously 
described (section 2.3). Plates were left undisturbed for a period of 96 h to allow for aggregation, and 

subsequently the spheroids were imaged every 24 h for 18 days. Scatter plots represent the average 

diameter in µm. Error bars depicts SE. n=3 experimental repeats in triplicate. 
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Figure 3.8: MCF7 spheroid core images over time a) and plot of spheroid core as a percentage 

of the total area b). 

MCF7 Spheroids were formed from cell suspensions of 2.5 x 10 4 cells per well. The wells were left 

undisturbed for a period of 96 h, and subsequently the spheroids were imaged every 24 h for 19 days, 

using a Zeiss inverted microscope at 5x magnification. For each spheroid, ImageJ analysis software 

was used to plot the spheroid core and the total spheroid area. The percentages calculated were of the 
core and proliferative rim. On the representative images the red circle denotes the core and quiescent 

cells, whilst the green circle denotes the proliferative rim. Scale = 200 μm. n=3 experimental repeats 

in triplicate.  
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Figure 3.9: 2.5 x 10 4 MCF7 spheroid total area and area of core and quiescent cells a) core 

and viable rim as a percentage of the total area b). 

MCF7 Spheroids were formed from cell suspensions of 2.5 x 10 4 cells per well. The wells were left 

undisturbed for a period of 96 h, and subsequently the spheroids were imaged every 24 h for 19 days, 

using a Zeiss inverted microscope at 5x magnification. For each spheroid, ImageJ analysis software 

was used to plot spheroid core area and total spheroid area. The percentages calculated were of both 

the core (a) and proliferative rim of cells (b) against the total spheroid size. Error bars depicts SE. 

n=3 experimental repeats in triplicate.  
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The percentage change of the spheroid core zone increased from 60% to 75% at its maximum 

on day 19. Similarly, the external rim of cells decreased from 40% to 20%. The only disparity 

to the trend was day 13 which showed an increased level of quiescent cells and spheroid core 

size. The viable rim decreased in size over time whilst the total area increases throughout the 

whole experimental period.  

The total area of the 2.5 x 104 MCF7 spheroids increased over time (Figure 3.9). Similarly, the 

3.5 x 104 spheroids (Figure 3.10) followed the same trend. The 2.5 x 104 spheroid increased in 

size throughout the two-week period. The total area of the spheroid increased from 

approximately 100, 000 to 225, 000 μm2 (Figure 3.9). The core and quiescent cells occupied 

60% of the initial spheroid mass, in comparison to 75% at day 15. On the other hand, the viable 

rim occupied 40% of the spheroid mass initially and decreased to 25% by the end of the 14 

days. Interestingly, the spheroids seeded from 3.5 x 104 cells (Figure 3.10) increased by 125% 

from their initial size over the period of 15 days, whist the spheroids seeded from 2.5 x 104 

cells increased by 201% over 19 days. These results also show that the spheroids seeded at a 

larger seeding density have a slower growth rate over the same period, being a 101% growth 

rate in spheroids seeded at 2.5 x 104 and 25% growth rate in the spheroids seeded at 3.5 x 104.  

3.3.3   Evaluation of spheroid structure and integrity 

 

To evaluate spheroid integrity and structure, spheroids generated from MCF7 and U-87 MG 

cells were fixed, embedded in OCT, sectioned, and stained with H&E (as noted in section 2.6).   
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Figure 3.10: 3.5 x 10 4 MCF7 spheroid total area and area of core and quiescent cells a) core 

and viable rim as a percentage of the total area b)  

MCF7 Spheroids were formed from cell suspensions of 3.5 x 10 4 cells per well. The wells were left 

undisturbed for a period of 96 h, and subsequently the spheroids were imaged every 24 h for 15 days, 

using a Zeiss inverted microscope at 5x magnification. For each spheroid, ImageJ analysis software 

was used to plot the spheroid core and the total spheroid. The percentages calculated were of both the 

core (a) and proliferative rim of cells (b) against the total spheroid size. The standard errors of the 

experiments are presented on the graph. n=3 experimental repeats in triplicate.  
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Figure 3.11 depicts H&E stained sections for MCF7 (3.11) and U-87 MG (3.11) spheroids 

(3.5x104 cells per well). It can be observed that both the MCF7 and U-87 MG spheroids had 

similar structures. There was intense dark blue staining around the extremity of both spheroids, 

suggesting there was a large volume of nucleic acids/acidophilic structures present. The larger 

level of acidophilic structures suggests that there was a higher level of cellular turnover and 

therefore that this was the viable rim of cells. These data show that the spheroids generated had 

the expected structure for these type of 3D models. 

 

 

3.3.4 Immunocytochemical analysis of spheroids  

3.4.4.1 Optimisation of staining protocol: -actin control in spheroids 

 

-actin, a cytoskeletal protein, is an abundant protein frequently used as a loading or 

housekeeping control (Eaton et al 2013). In this report, -actin was used to test the IHC 

methodology on the spheroid sections. In Figures 3.12 and 13, it can be observed that samples 

incubated with the -actin antibody had an intense brown staining, whereas all control samples 

(isotype, secondary, TBS and cell only controls) showed no brown precipitate indicating there 

was no staining present. This indicates that the method was suitable for further testing.  
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Figure 3.11: H&E staining for MCF7 and U-87 MG spheroids 

H&E stained (A) MCF7 and (B) U-87 MG spheroid (3.5x104 cells per well), processed as noted in 

section 2.6. Haematoxylin stains basophilic/acidic structures, such as nucleic acids, blue. Eosin stains 

acidophilic/basic structures, such as cytoplasm, red. Scale bar is 100 µm. n=3 experimental repeats 

in triplicate.  
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Figure 3.12: MCF7 spheroid -actin IHC 

MCF7 spheroid (seeded at 3.5 x 104) cryo-sections stained for -actin, as described in section 2.6. 

Key: -actin antibody diluted 1:100 (A) Mouse Isotype IgG1 Mopc-21 antibody control diluted 1:100 

(B) Secondary mouse HRP conjugated antibody diluted 1:100 (C) TBS only (D) Scale bars represent 

100 µm. n=3 experimental repeats  
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Figure 3.13: U-87 MG spheroid -actin IHC 

U-87 MG spheroids (seeded at 3.5 x 104) cryo-sections stained for -actin, as described in section 

2.6. Key: -actin antibody diluted 1:100 (A) Mouse Isotype IgG1 Mopc-21 antibody control diluted 

1:100 (B) Secondary mouse HRP conjugated antibody diluted 1:100 (C) TBS only (D) Scale bars 

represent 100 µm. n=3 experimental repeats.  
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3.4.4.2  Optimisation of staining protocol: CAIX 

 

One of the most readily inducible proteins of HIF is carbonic anhydrase IX (CAIX) (Kuijper 

et al., 2005). CAIX expression was therefore tested in spheroid sections as an intrinsic marker 

of hypoxia. CAIX IHC was performed on MCF7 and U-87 MG spheroids (Figures 3.14 and 

3.15). Sections incubated with CAIX (Figures 3.14 and 15) had brown precipitate present 

across the whole section of the spheroid, whereas the relevant controls all showed no staining. 

It would be plausible that CAIX should be present in the spheroids due to the diffusion limit of 

oxygen (200 μm) (Grimes et al., 2014; Zanoni M et al., 2016). Therefore, it was predicted that 

a centralised ring of CAIX staining approximately 200 μm from the spheroid edge should have 

been present (Kuijper et al., 2005). However, the intense brown staining observed throughout 

the samples was unexpected, as the staining was predicted to be restricted to a central hypoxic 

core, indicating CAIX might not be an ideal hypoxia marker for these samples. Therefore, an 

alternate hypoxic marker was considered.  

Hypoxyprobe is a nitroimidazole with hypoxic sensitivity, making it an ideal hypoxia specific 

dye (Varia et al, 1998). Hypoxyprobe is reduced in hypoxic cells and binds -SH containing 

groups (thiols) in hypoxic cells (Varia et al, 1998). In order to evaluate this marker, MCF7 

spheroids were seeded at 2.5 x 104 cells per well and incubated with 5 μM Hypoxyprobe and 

processed as before. Samples were stained for the presence of Hypoxyprobe using 

immunofluorescence (Figure 3.16). Intense green staining was observed at the central region 

of the spheroid, indicating Hypoxyprobe binding and localisation. The distance was 

approximately 100 μm from the lower right-hand edge, and about 200 μm from the upper left 

section of the spheroid, which is consistent with the oxygen diffusion distances in the literature 

(Mehta et al., 2012). These data indicate that Hypoxyprobe treatment can be used as a hypoxia 

marker in these models.   
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Figure 3.14: MCF7 spheroid CAIX Immunohistochemistry 

MCF7 spheroids (seeded at 3.5 x 104) cryo-sections stained for the hypoxic marker CAIX as 

described in section 2.6. Key: CAIX antibody diluted 1:100 (A) Mouse Isotype IgG1 Mopc-21 

antibody control diluted 1:100 (B) Secondary mouse HRP conjugated antibody diluted 1:100 (C) TBS 

only (D) and Cell only (E) Scale bars represent 100 µm. n=3 experimental repeats.  



132 | P a g e  
 

 

 

Figure 3.15: U-87 MG spheroid CAIX Immunohistochemistry 

U-87 MG spheroids (seeded at 3.5 x 104) cryo-sections stained for the hypoxic marker CAIX as 

described in section 2.6. Key: CAIX antibody diluted 1:100 (A) Mouse Isotype IgG1 Mopc-21 

antibody control diluted 1:100 (B) Secondary mouse HRP conjugated antibody diluted 1:100 (C) TBS 

only (D) and Cell only (E) Scale bars represent 100 µm. n=3 experimental repeats.  
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Figure 3.16: MCF7 spheroid Hypoxyprobe immunofluorescence variability  

MCF7 spheroids (seeded at 2.5 x 104) cryo-sections stained for the hypoxic marker Hypoxyprobe 

(PIMO) as described in section 2.6. In brief MCF7 spheroids were incubated with 200 µMol 

Hypoxyprobe PIMO for 90 mins before being washed in PBS and stained using IF as described in 
section 2.6. (a) Alexa 488 green Hypoxyprobe stain (b) greyscale PIMO stain (c) Merge image. Green 

fluorescence indicates positive hypoxyprobe stain, blue fluorescence corresponds to nuclei 

counterstain positivity (DAPI stain). Scale bar represents 100 µm. n=5 experimental repeats  
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3.3.5 Assessment of the proliferative rim within spheroids through Ki-67 staining 

 

To evaluate the spheroid proliferative rim, immunofluorescence analysis of a proliferative 

marker, Ki-67 was adopted. Ki-67 is a cellular marker of proliferation found exclusively within 

the nucleus of cells during interphase (Scholzen, 2000). Sections of MCF7 spheroids seeded at 

different densities were stained for Ki-67 (figure 3.17). The green Ki-67 and blue DAPI 

counterstain can clearly be seen with the green fluorescence localised to the extremity/rim of 

the spheroids. This was observed for all seeding densities. The fluorescence appeared to be 

throughout most of the spheroid on the lower seeding density sections (except for the core), 

whilst the remainder of the sections showed Ki-67 staining at approximately 50 μm at and from 

the spheroid edge.  

Overall, these data indicate that the chosen spheroid models present the characteristic spheroid 

structure zones, including a hypoxic core (as shown by the Hypoxyprobe staining) and 

proliferative rim (as shown by the Ki-67 staining).  

3.3.6  Analysis of migrative and invasive capability of spheroids on hydrogels  

To validate the methodologies to evaluate the migration and invasive potential of the spheroid 

models in preparation for on-chip work, invasion and migration assays were conducted using 

different hydrogels, i.e. Matrigel, collagen and hydrogel. This would allow the determination 

of the ability of different cell lines to invade and migrate in or over different matrices during a 

set period time, both in a conventional off-chip environment and in on-chip conditions. As seen 

in Figure 3.18, the level of cell migration and invasion increased over time for U-87 MG and 

MDA-MB-231 spheroids. For example, in the U-87 MG spheroids, the migration front 

increased 400% when incubated in Matrigel over 72 h, whilst there was a 200% increase in 

area for U-87 MG spheroids incubated in collagen over 72 h.  
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Figure 3.17: MCF7 spheroid Ki-67 Immunofluorescence 

MCF7 spheroids (seeded at a) 5 x 103, b) 2.5 x 104, c) 3.5 x 104 and d) 5 x 104) cryo-sections stained 

for the proliferative marker Ki-67 as described in section 2.6. Green fluorescence indicates positive 

Ki67 stain, blue fluorescence corresponds to nuclei counterstain positivity (DAPI stain). a, d, g, j) 
merge image of DAPI and Alexa 488. b, e, h, k) Alexa 488 only. c, f, I, l) greyscale image of Alexa 488 

Ki-67 stain for clarity. Scale bar represents 200 µm. n=3 experimental repeats. 
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Figure 3.18: U-87 MG, MCF7 and MDA-MB-231 spheroid migration on three hydrogels 

U-87 MG a), MCF7 b) and MDA-MB-231 c) spheroids (seeded at 2.5 x 104) placed on three hydrogels; 
Matrigel, collagen and gelatin, and measured for migration (total area in pixels) over a period of 72 h. 

Migration times equate to t=0, t=24, t= 48 and t=72. SE of n=3 (for Matrigel and collagen). Two way 

ANOVA shows no significance, similarly no significance was seen between different cell types and 

hydrogels. See appendix image 7.1..   
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Moreover, the migration area observed on the images of U-87 MG spheroids increased 4x over 

48 h in gelatin; there was a variation at 72 h at which a decrease was observed. The area of the 

MDA-MB-231 spheroids increased 500% in Matrigel over only 48 h. Moreover, when 

incubated in gelatin, the MDA-MB-231 spheroids increased in migration to 350% over 48 h. 

In collagen and gelatin MCF7 spheroids do not migrate or invade, however, when in Matrigel, 

(Figure 3.18), MCF7 spheroids total area increased by 25%.   

Figure 3.19 shows the migratory ability of U-87 MG, MCF7 and MDA-MB-231 spheroids over 

time when placed on different collagen concentrations. U-87 MG spheroids did not appear to 

increase their migration front over time when incubated on 1 mg collagen (Figure 3.19). Whilst 

on 2 mg collagen, U-87 MG spheroids maintained their size over time. However, when 

incubated on 3 mg collagen the U-87 MG spheroids increased in migration from 200 μm to 

750 μm over 72 h. These results support the results seen in figure 3.18, where the U-87 MG 

spheroids migrated over time in 3 mg collagen. Similarly, the migration front of MDA-MB-

231 spheroids increased over time for all concentrations of collagen (Figure 3.21). However, 

at 1 mg and 2 mg of collagen, the level of increased migration was 50% by 48h incubation, 

whilst the increased migration in 3 mg was 100% from 0 to 24 h and 300% from 24 to 48 h. 

Similarly, like the results seen in figure 3.20, where MCF7 spheroids do not migrate, MCF7 

spheroids also did not migrate at any time point in different collagen concentrations.  
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Figure 3.19: U-87 MG spheroid migration on three concentrations of collagen 

U-87 MG spheroids (seeded at 2.5 x 104) placed on varying concentrations of collagen. Representative 

images 1mg a-d), 2mg e-h) and 3 mg i-l) at 0, 24, 48 and 72 h. Spheroids were measured for migration 

(total area) over a period of 72 h and plotted in a histogram as shown above. Scale = 200 μm. n=1(in 

triplicate)  
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Figure 3.20: MCF7 spheroid migration on three concentrations of collagen 

MCF7 spheroids (seeded at 2.5 x 104) placed on varying concentrations of collagen. Representative 
images 1mg a-d), 2mg e-h) and 3 mg i-l) at 0, 24, 48 and 72 h. Spheroids were measured for migration 

(total area) over a period of 72 h and plotted in a histogram as shown above. Scale = 200 μm. n=1(in 

triplicate)  
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Figure 3.21: MDA-MB-231 spheroid migration on three concentrations of collagen 

MDA-MB-231 spheroids (seeded at 2.5 x 104) placed on varying concentrations of collagen. 

Representative images 1mg a-c), 2mg d-f) and 3 mg g-i) at 0, 24, 48 and 72 h. Spheroids were measured 

for migration (total area) over a period of 72 h and plotted in a histogram as shown above. Scale = 

200 μm. n=1(in triplicate)  
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Finally, figure 3.22 shows U-87 MG, MCF7 and MDA-MB-231 spheroids in Matrigel, 

collagen, and a combination of both hydrogels. The data shows that for all hydrogels, U-87 

MG spheroids increased in migration and invasion over time (72 h), with the largest increase 

being in Matrigel at 400%, followed by collagen at 200% and then in both hydrogels together 

at 150%. The MDA- MB-231 spheroids followed the same trend seen in the U-87 MG 

spheroids, i.e. the spheroids’ migration and invasion increased over time. The largest increase 

was seen in collagen (10 x), followed by Matrigel (9 x) and finally the combination of two 

hydrogels together. Interestingly, the MCF7 spheroids do not migrate or invade in either of 

Matrigel or collagen. However, when a combination of Matrigel and collagen was used, the 

MCF7 spheroids migrated and invaded over time, although very minimally at 28% its original 

size. When comparing spheroids from different cell lines between hydrogels, at the same time 

points, no significant differences were found. Except for at 72 h, 1* significance was found 

between U-87 MG and MDA-MB-231 in Matrigel.  
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Figure 3.22: U-87 MG, MCF7 and MDA-MB-231 spheroid migration on three concentrations of 

collagen 

U-87 MG a), MCF7 b) and MDA-MB-231 c) spheroids (seeded at 2.5 x 104) placed on various 
hydrogels; Matrigel, collagen and Matrigel with collagen. Spheroids were measured for migration 

(total area) over a period of 72 h. Migration times equate to t=0, t=24, t= 48 and t=72. Two way 

ANOVA was conducted and showed no significance. n=3 experimental repeats in triplicate.   
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3.4 Discussion 

 

The key aim of this chapter was to establish which spheroids would be suitable for introduction 

into a microfluidic device. In order to do this, the objectives were to establish and characterise 

spheroid formation, growth kinetics, structure, and migration/invasion potential.  

3.4.1  Key findings: 

 

The key findings of this chapter included the following: 

- Spheroids could be grown from all cell lines used. The MDA-MB-231 spheroids were 

larger than the other cell lines at the same seeding densities. It was demonstrated that 

spheroids could be generated reliably and reproducibly.  

- MCF7 and U-87 MG were tested for their growth pattern, which followed a four phase 

growth pattern over time. 

- Spheroids showed a proliferative rim of cells at their edge and a central hypoxic region 

in the centre.  

- Finally, it was demonstrated that spheroids migrated at different levels over different 

matrices. MCF7 spheroids did not migrate or invade over time, whilst MDA-MB-231 

and U-87 MG spheroids migrated and invaded over the studied period of 72 h.  

 

3.4.2 Characterisation and choice of spheroid models to use in microfluidic device  

 

Spheroid size is correlated to the cell function within, the transport of chemicals, drug efficacy 

on cells and migration of cells (Vaithilingam et al., 1991;Katt et al., 2016). Spheroids follow a 

four-phase system of growth (Mehta et al., 2012). As seen in figure 6, U-87 MG and MCF7 



144 | P a g e  
 

spheroids started in the lag phase of growth from day 1 to day 3 or 4, from when the spheroids 

increased in size to their peak through logarithmic growth over a two to three-week period 

(Figures 3.7 & 3.9/10). Moreover, all other cell lines tested were found to produce spheroids 

by the 72-96 h timepoint.  

3.5.2.1 Characterisation of spheroid size profiles 

 

Differences in spheroid size were noted amongst all the cell lines used. MDA-MB-231 

spheroids appeared to be loosely aggregated, as previously reported (Vinci et al., 2012). It is 

possible that MDA-MB-231 spheroids are larger than the other spheroids due the actual cell 

width or diameter. MDA-MB-231 cells are 14-18 μm in diameter, MCF7 are 10-14 μm in 

diameter and U-87 MG cells are 12–14 μm in diameter (Wagner et al., 2011; Liu et al., 2015). 

Therefore, it is unlikely that increased MDA-MB-231 spheroid size equates to cell diameters. 

MCF7 cells form tightly bound spheroids, associated with high levels of E-Cadherin present 

between the epithelial like tumour cells (like MCF7) (Iglesias et al., 2013). MDA-MB-231 

cells are more mesenchymal having undergone the EMT process, expressing factors and 

proteins associated with an aggressive and motile phenotype, namely N-cadherin. (Holliday & 

Speirs, 2011). As E-Cadherin has been shown to be a critical factor in breast cancer spheroid 

formation, decreased levels of E-Cadherin and, lack of binding matrices to form MDA-MB-

231 spheroids could result in a loose appearance (Vinci et al., 2012). This observation is also 

supported by Han, Takayama and Park. (Han et al., 2015) who reported that both MCF7 and 

HCT116 cells formed tight and compact spheroids (Han et al., 2015).  

A key observation of this initial study was that as cell seeding density increased, so did the 

spheroid diameter, across all cell lines used. The study also showed that spheroid generation 

was reproducible and reliable. In order to confirm that the spheroids were following the four-

phase day of growth as detailed, a growth curve analysis was conducted.  
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3.5.2.2 Assess ability of different cells to generate spheroids and investigate differences 

between spheroid sizes 

 

U-87 MG and MCF7 spheroids follow conventional growth patterns (Sutherland, 1988; Gong 

et al., 2015; Rodriguez et al., 2015). Formation of MCF7 spheroids at an earlier time point was 

noted in the higher seeding density (3.5 x 104), day 3-4 as opposed to 4-5 in 2.5 x 104 cells per 

well. Gong et al. reported a 9% growth rate in spheroids seeded at 8 x 103 cells per well in 

comparison to a 31% growth rate in 2 x 103 cells per well (Gong et al., 2015). In the work 

presented here, both U-87 MG and MCF7 spheroids were seeded at 3.5 x 104 cells per well, 

more than four times higher than the cell densities reported by Gong et al. In the larger size of 

the U-87 MG spheroids, in comparison to Gong et al., the decreased growth could be due to 

cell apoptosis, resulting through the inability of a higher percentage of cells able to obtain 

nutrients and oxygen (Mehta et al., 2012). This could account for weaker cell-cell adhesion 

(Sutherland, 1988). This decreased metabolism results from cellular biochemical interactions. 

These biochemical interactions modulate energy consumption. Therefore, this process could 

further influence the fraction quiescent cells and viable rim through modification of O2 

gradients, resulting in a lower growth rate in larger seeded spheroids (Mueller-Klieser W et al., 

1986). Overall both MCF7 and U-87 MG spheroids appear to follow the correct phases of 

spheroid growth (Sutherland, 1988).   
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3.4.3 Characterisation of spheroid regions 

 

3.4.3.1 Spheroid core, quiescent cells and proliferative rim 

 

The size of the necrotic core and the proliferative rim influences the ability of the spheroid to 

grow (Mehta et al., 2012). The data showed that as time increased so did the percentage of 

quiescent cells and the spheroids core, for both seeding densities tested. The spheroid total area 

increase showed that the spheroid mass was getting larger over time. This increase in total area 

could be accounted for by the weaker interactions between cells within cell core. The lack of 

nutrients and waste build up within the cell core results in necrotic and apoptotic cells. This 

waste would perpetuate, create toxic metabolic products, resulting in further cell death. This 

build up could also potentially account for weaker cell-cell adhesion (Sutherland, 1988), 

meaning a more loosely aggregated cell cluster. Overall spheroids core, quiescent and 

proliferative cells followed the expected pattern. However, this methodology is only a semi-

quantitive method, and to give a better true value, could be repeated by different people, 

different days or using a threshold limit on imageJ. 

3.4.3.2 Spheroid biological characterisation – spheroid structure 

 

H&E staining of spheroid sections was essential to determine the overall spheroid structure 

(Figures 3.11). Spheroids were incubated in 30% sucrose (an isotonic solution to prevent ice 

crystal formation protecting the spheroid structure in OCT) (McDowall et al. 1983; Griffiths 

et al. 1984; McDowall et al. 1983). H&E staining showed that there is intense haematoxylin 

staining at the spheroid edge, indicating a larger volume of nucleic acids, which is the 

proliferating cell rim presented previously (Sutherland, 1988; Mehta et al., 2012; Zanoni M et 

al., 2016). Overall the spheroid structures were consistent with those observed in the literature, 
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demonstrating the conserved and maintained spheroid structure (Bhave et al., 2015; Senkowski 

et al., 2015).  

 

3.4.3.3 Spheroid biological characterisation – hypoxic regions 

 

The most likely target of hypoxia is the transcription factor hypoxia inducible factor (HIF). 

One of the best characterised downstream targets of HIF is carbonic anhydrase IX (CAIX), 

which is therefore used as a marker of hypoxia (Kuijper et al., 2005).  CAIX is shown to 

contribute to the pre-metastatic niche through its interactions with myeloid derived stem cells 

(MDSC). Stewart and colleagues reported that CAIX may promote cell invasiveness, migration 

and angiogenesis (Stewart et al., 2014; Chafe & Dedhar, 2015; Chafe et al., 2015). A plausible 

explanation for the intense brown staining seen throughout the spheroid could be due to the 

accumulation of catabolites, protons and lactate (Chafe et al, 2015) resulting in lower pH 

resulting in increased CAIX expression (Kuijper et al., 2005; Chafe & Dedhar, 2015).  

Panisova and colleagues demonstrated that CAIX regulation can also be driven by high density 

normoxic cell culture, resulting in microenvironment aberrations. Furthermore, they 

demonstrated that lactate increased CA9 transcription, resulting in the upregulation of CAIX, 

even in normoxia (Panisova et al., 2017). A further study by Lu et al. suggest plausible reasons 

for this phenomenon. Cancer cells display the Warburg effect, where high rates of aerobic 

glycolysis are present. The end products of glycolysis are pyruvate and lactate. Even in the 

presence of oxygen (Lu et al., 2002). Therefore, spheroids, which are highly dense and tightly 

packed, can alter the spheroid microenvironment, increasing the transcription of CA9, leading 

to increased CAIX expression, irrelevant of oxygen content (Panisova et al., 2017). Moreover, 

the high turnover of cells at the spheroid edge results in increased glycolysis. This increased 

glycolysis perpetuates into a higher level of lactate production, again increasing the 
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transcription of CA9 and subsequent increased expression of CAIX, even in the presence of 

oxygen and normoxia. Another explanation for CAIX expression in spheroids is because cells 

at the spheroid centre are not only hypoxic (resulting in CAIX expression) but also produce 

high levels of metabolites, waste and lactate. These waste products and metabolites cannot fully 

diffuse from the spheroid to the external environment. Altering the pH environment within the 

spheroid causing CAIX expression, and by directly inducing CAIX expression itself through 

lactate accumulation.  

As HIF-1α and CAIX proved non-specific for the hypoxic regions within the spheroid, an 

alternative marker was used, namely Hypoxyprobe (Varia et al, 1998). There was a central 

zone of green fluorescence in the spheroid sections, indicating positive hypoxyprobe staining 

in the MCF7 spheroids (Figure 3.16). The staining appeared to be at least 200 μm from the 

spheroid edge, the entire way around the internal section within the spheroid. It is expected as 

oxygen can only diffuse 200 μm into the spheroid, meaning the central zone will be low in 

certain areas and void of oxygen in others. Overall these results confirm the observations seen 

in the literature. Moreover, they demonstrate that the process of fixation and embedment, 

cryosectioning, staining and imaging is applicable for spheroids. They also demonstrate that 

Hypoxyprobe is specific for hypoxia within the spheroids generated. One of the observations 

seen in the sectioning is an introduced artifact, the slight fragmentation seen at the lower left 

quarter of the spheroid section would be a microtome blade cut introduced by the user. 

3.4.3.4 Spheroid biological characterisation – Markers of proliferation 

 

To investigate the proliferative rim, immunofluorescence of Ki-67 was adopted (Figure 3.17). 

Ki-67 is thought to be involved with cell proliferation and is found exclusively within the 

nucleus. Ki-67 is present throughout the cell cycle (G1, S, G2, and mitosis) but is not present 

during cellular quiescence (G0) (Scholzen, 2000). Therefore, the protein and specifically its 
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location within the nucleus, is used as a marker of cell proliferation (Scholzen, 2000). Figure 

3.17 demonstrates the proliferative rim is present around the different spheroids. It shows the 

proliferative rim is in the external zone of the spheroid, approximately 200μm into the spheroid 

section, the distance where oxygen and nutrient can diffuse to (Mehta et al., 2012). Overall the 

spheroids have been shown to follow all expected trends and are proven to have three zones 

(Sutherland., 19988; Zanoni et al., 2016).  

 

3.4.3.5 Spheroid biological characterisation – migration and invasion  

 

U-87 MG cells are grade IV malignant gliomas/astrocytomas which are correlated with poor 

prognosis (Ahmed et al., 2014). MCF7 are ER/PR+ HER2- luminal breast cancer cells that are 

of lower metastatic potential than other breast cancer counterparts, they are collected from a 

pleural effusion and are not as migratory as other breast lines (Comsa, et al., 2015). MDA-MB-

231 cells are triple negative basal adeno-carcinoma cells, they are metastatic in nature and 

mainly spread to bone, bladder and lung (Solinas et al., 2013).  

To replicate the process of migration in vitro and investigate the difference of spread, collagen, 

gelatin and Matrigel were used (Weinberg and Hanahan, 2011) designed to mimic conditions 

found within the human body (Vinci et al., 2012). Matrigel is composed of entactin, laminin, 

collagen, nidogen, heparan sulfate proteoglycans, proteins and growth factors, and can 

polymerise to produce a thick 3D gel to study invasion of cells. And is replicative of the human 

bodies blood vessels in comparison to collagen and gelatin (Rommerswinkel et al., 2014; Jiang 

et al., 2018). The results demonstrated that only the MCF7 cells are unable to spread and 

migrate in any of the conditions tested (Figure 3.18). MCF7 cells express low levels of VEGF, 

especially in comparison to MDA-MB-231 cells (Solinas et al., 2013; Jabłońska-Trypuć et al., 

2016). An autocrine loop of VEFG induces MCF7 breast cancer cell migration and invasion, 
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but as stated, MCF7 cells express low levels of VEGF-A, VEGF- C and even lower levels of 

VEGF-D. MCF7 cells also express varying levels of VEGFR1 and 2 (Jabłońska-Trypuć et al., 

2016). Moreover, MCF7 cell in vivo models do not induce metastasis and have been shown to 

have poor angiogenic potential. Whilst increasing VEGF-C concentration causes MCF7 cells 

to produce invasive tumour subtypes (Bartsch et al., 2003). MCF7 cells have been shown to 

express only MMP 1, 11, 14, 15 and 16. MMP1 is a collagenase which is responsible for 

collagen degradation, MMP 11 decreases cancer cell sensitivity to natural killer cells, whilst 

the other MMP’s (14, 15 and 16) are responsible for cell adhesion and cell flattering reduction 

(Bartsch et al., 2003; Jabłońska-Trypuć et al., 2016). The lack of migration seen in the MCF7 

spheroids in the gelatin and Matrigel can be explained by the MCF7’s inability to digest and 

break down the ECM-like matrices. Similarly, the lack of migratory potential, low levels of 

VEGF and lack of MMP expression explains the low migration and spread seen in the collagen 

testing condition. Only MMP 1 would break down the collagen hydrogel, however, the cells 

then do not possess any drive or potential to further spread through the broken-down matrix 

(Bartsch et al., 2003; Jabłońska-Trypuć et al., 2016). 

In the contrary, MDA-MB-231 and U-87 MG cells can migrate and spread throughout all the 

hydrogels (Figure 3.18), as previously shown (Shirazi et al., 2011; Cosma et al., 2015). The 

triple negative MDA-MB-231 cells have been shown to express MMP 1, 2, 7, 8, 9, 10, 11, 13, 

14, 15 and 16, and these MMPs are involved in a range of biological processes; such as EMT 

and cell migration regarding MMP 13, collagen breakdown in MMP 1 and 10, and further 

proteolytic activity, cell proliferation and migration. Therefore MDA-MB-231 spheroids can 

breakdown collagen and gelatin through MMP expression and can breakdown the complex 

mixture of Matrigel. MDA-MB-231 spheroids then possess the ability to further migrate and 

proliferate, showing a highly migratory status, something which is seen in in vivo models. The 

levels of MMPs present increases as time increase and therefore ECM-like matrices are further 
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broken down, without the ability to rebuild, explaining the results shown. U-87 MG cells are 

from a grade IV malignant glioma/astrocytoma, which is associated with rapid growth and 

expansion. Astrocytomas and gliomas (U-87 MG cells) express high levels of MMP2 and 

MMP9. These metalloproteinases can degrade gelatin and collagen, they are also synergistic 

with one another and further degrade the ECM matrices in the presence of hypoxia, explaining 

why the U-87 MG spheroids are invasive. Therefore, the observations seen in the U-87 MG 

spheroid migration are explained in a similar manner to the MDA-MB-231 spheroids, in which 

the increase level of MMP is increased overtime and accumulate, resulting in the degradation 

of the ECM like matrices, without the ability to repair. The factors then allow the cells to 

migrate through the sites opened by the proteolytic activity resulting in increased cell 

movement and spread over time (Onishi et al., 2011; Bernhart et al., 2013). Interestingly, when 

the spheroids were placed on collagen of different concentrations, it was observed that all the 

different spheroid cell lines spread and migrated more on the highest concentration (3 mg) of 

collagen. The MCF7 spheroids appeared to be static in spread as reasoned above, whilst the 

MDA-MB-231 and U-87 MG spheroids appear to spread the most. This is due to the 

concentration of collagen inducing the higher levels of MMPs. When a higher level of collagen 

is present, then more MMPs are induced, resulting in more cleavage and proteolytic 

degradation in the ECM-like matrices, this results in more spread over time. One variation to 

the expected results was the lower level of migration in Matrigel coupled with collagen, in 

comparison to collagen and Matrigel alone. However, the concentration of combined Matrigel 

and collagen is decreased, being 4mg and 1mg respectively, in comparison to 10mg and 3 mg. 

Therefore, less MMP expression may be present resulting in less degradation and less 

migration. The error bars are larger and overlapping, and are not statistically significant, so the 

levels of migration may be more level than expected from the trend and histogram shown.  
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3.5 Chapter summary and conclusion 

 

To conclude, the results in this chapter have demonstrated that spheroid cell line models chosen 

for this thesis, MCF7, MDA-MB-231, and U-87 MG, represent suitable models for moving 

forward to the spheroid-on-chip setting (Chapters 4-5). 

These spheroid models have appropriate growth patterns and biological characteristics, 

including proliferative and hypoxic zoning, and migration/invasion patterns. The following 

chapters (4-5) will detail the incorporation of spheroids into microfluidic devices to modulate 

and investigate cellular spread and the tumour microenvironment, and how shear stress, 

continuous perfusion and hydrogels effect the ability of cancer to spread, mirroring those 

conditions seen in the human body and mammalian tumours.  
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Chapter 4  Generation 1 spheroid-on-chip microfluidic 

device design and validation 
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4.1 Introduction 

 

Microfluidic devices are systems which can manipulate fluid through micrometer size flow 

networks, typically processing fluids on the 10-9 L to 10-18 L scale. Microfluidics continues to 

expand as a field of research due to its ability to precisely control various conditions at the 

micrometer scale, such as laminar flow, thermal transport, and diffusion. These microscale 

devices have been applied in analytical chemistry, cell and biological processes, energy 

generation, and molecular biology, requiring only small quantities of reagents and samples, 

resulting in reduced cost, time, and the potential for lower environmental impact (Whitesides, 

2006). These devices have the advantage of high throughput standardisation of 3D models with 

continuous flow conditions, mimicking those seen in vivo.  

4.1.1 Microfluidic device design and generation techniques 

Microfluidic devices can be designed and generated in a variety of ways. Utilisation of 

computer software packages followed by the fabrication process is the overarching system 

used, regardless of the material and application required. The application required, e.g. cancer 

biology or analytical chemistry, dictates the material required and subsequently the process of 

fabrication. Commonly used materials include paper, silicon, plastics, PMMA, 

polydimethylsiloxane (PDMS), and glass (Daw and Finkelstein, 2006; Whitesides, 2006). 

PDMS is a common material found in much of microfluidic device research on cancer biology, 

and it features good optical transparency, can be used for fast prototyping and is gas-permeable 

(Iliescu et al., 2012; Ren et al., 2013). Soft lithography is used for producing PDMS devices 

(Whitesides, 2006). PDMS devices are not easily amenable to mass fabrication and their 

porosity sometimes causes issues (Iliescu et al., 2012; Ren et al., 2013). An alternative material 

is glass, which has good optical transparency properties, is rigid, inert and gas-impermeable. 

Glass is slightly more expensive than PDMS, PMMA and other plastics for example, but offers 
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benefits over the other materials such as having the ability to autoclave devices, be none gas 

permeable and easily cleaned. (Iliescu et al., 2012; Acosta et al., 2014; Lake et al., 2015; Gale 

et al., 2018; Kühlbach et al., 2018; Ma 2018). 

In the work presented in this thesis, the device was drawn in AutoCAD software, before being 

processed and milled on a CNC machine. The CNC process can cause rough surfaces within 

the microfluidic devices, so it is not always desirable. An alternative process to prevent the 

rough surface is wet (acid) etching, dry etching is also possible but again it depends on the 

application requirements (Whitesides, 2006). Wet etching involves the use of hydrofluoric acid 

(HF). The pattern is designed on the glass, a masking layer used, and the acid added to clear 

out the microchannels. However, a consideration is that the rate of etching is affected by the 

glass composition and oxide content. For example, Corning 7740 has an etch rate of 8 μm min-

1 at a HF concentration of 49% and quartz is 1.3 μm min-1 at the same concentration (Iliescu et 

al., 2012). Likewise, the masking layer is critical to the pattern and formation of the 

microfluidic device channels. Defects, tensile stress, and hydrophobicity in the masking layer 

can cause cracks, pinholes and imperfections in the device resulting in it being unable to be 

used (Iliescu et al., 2012).  

4.1.2 Microfluidics and spheroids  

The incorporation of a 3D model of in vivo cancer, such as a spheroid, into a highly controllable 

environment, such as a microfluidic device, is desirable, due to the ability to investigate specific 

components of cancer cell biology and the hallmarks leading to cancer spread (Weinberg & 

Hanahan, 2011). As previously detailed in the introduction the 3D model has advantages over 

2D cancer models, however, it lacks the ability to be within continuous flow, resulting in waste 

removal and increased nutrient acquisition (Mehta et al., 2012; Halldorsson et al., 2015). 

Coupling the two systems together allows the precise control of the external environment 

surrounding cancer and the control of influential factors related to cancer cell migration and 
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spread seen within the human body such as continuous perfusion and shear stress (Ip et al., 

2016). Recently, the combination of spheroids and microfluidic devices has proved a promising 

and popular avenue for cancer research, albeit through the formation of spheroids within the 

microfluidic device, which is the most popular technique for using spheroids and microfluidic 

devices, or through the testing of drug sensitivity on-chip.  

4.1.3  Rationale and aims  

The rationale was to fabricate a microfluidic device capable of harbouring a cancer spheroid to 

better mirror in vivo models in vitro. The device would need to allow one spheroid to be 

contained within its microwell and allow effluent to be collected post flow. The device would 

need to have shear stresses replicative of in vivo values as this would allow the investigation to 

be conducted into what effects the internal forces acting within the microfluidic device would 

have on cancer migration and spread, within a clinically relevant 3D in vitro model. The overall 

aim of this subsection was to incorporate a spheroid into the microfluidic device, it was 

necessary to characterise and calculate the shear stress and residence speeds present within the 

microfluidic device, acting upon the spheroid.  

The specific aims of the research described in this chapter were to design and validate a 

microfluidic device for spheroid incorporation and maintenance. This involved 1) design and 

fabrication of the device, 2) incorporation of a spheroid, and 3) assessment of spheroid viability 

and migration/invasion potential.  
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4.2 Experimental design 

4.2.1 Microfluidic device design, interfacing, and set-up  

The device needed to have the following characteristics: (i) allow the passage of cell culture 

media and spheroids of varying sizes into and out of the microfluidic device, (ii) entrap 

spheroids within a specific zone, whilst allowing media to continually perfuse over the spheroid 

for a prolonged period, (iii) allow for the collection of the effluent media, (iv) be non-gas 

permeable and (v) be easy to replicate, readily available, reusable, and inexpensive to produce. 

The design (figure 4.1) was conceived in collaboration with Dr Iles at the University of Hull 

and fabricated by Dr Iles. Briefly, a deep 600 μm channel, a spheroid housing microwell and a 

shallow channel are the key features, and CNC milling of Schott B270 glass was done to 

produce it. A custom inlet and outlet interface was built as shown in section 2.7 employing 

Araldite glue (type 2000). This set up was mirrored on the second set of tubing as detailed in 

the methods, figure 2.9. 

4.2.2 Spheroid incorporation on-chip 

In an initial set of experiments, brilliant blue dye solution was pumped through the device to 

ensure there are no leaks (fig 4.1 c). Spheroids were then attempted to be incorporated into the 

device. The spheroids should ideally be sufficiently compact as to not disintegrate upon loading 

and should be sufficiently large to be retained within the micro-well. Spheroids generated from 

five cell lines (U-87 MG, MCF7, MDA-MB-231, HCT116, and HT29) at four seeding densities 

(see section 3.1 for details) were tested for the incorporation. After formation, spheroids were 

carefully collected and slowly drawn into the micro-well through the deep channel to prevent 

compression and reduce internal compressive pressure on the spheroid. Once a spheroid was 

loaded into the micro-well, the device was placed in a Covatutto 24 Eco (Covatutto, Italy) 

benchtop egg incubator set to 37 oC, and complete DMEM was pumped at 3 µL per h for a  
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Figure 4.1: Generation 1 microfluidic device design 

Generation 1 microfluidic device schematic used for CNC milling purposes (in mm) (A), Generation 

1 microfluidic device cross sectional drawing with an example spheroid in the micro-well (B) and a 

photo from above with brilliant blue dye flowing from the deep channel, through the micro-well and 

into the shallow channel (c). Scale bar represents 5 mm.  

A) 

B) 

C) 
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total of 72 h per experiment using a disposable syringe set in a syringe pump (Harvard 

Apparatus). 

4.2.3 Analysis of spheroid viability on-chip 

Once a spheroid was incorporated into the micro-well, its viability over time was assessed and 

compared to spheroids grown off-chip in static conditions. Two methodologies were employed 

to determine spheroid viability: (1) the CytoTox-Glo cytotoxicity assay (see section 2.4) to 

assess viability based on markers found within the media effluent; (2) the FDA/PI live/dead 

staining assay (see section 2.4 of methods) to determine spheroid viability in situ.  

4.2.4 Determination of viability from effluent media samples  

‘On-chip’ viability was assessed over 72 h via the CytoTox-Glo cytotoxicity assay, which 

measures the extracellular activity of an intracellular protease. The protease is released by 

membrane compromised cells into the media or effluent. MCF7 spheroids (3.5 x 104 cells) 

were either transferred to a microfluidic device or left ‘off-chip’ in the ULA plate to grow in 

static conditions. Conditioned media from an MCF7 cell monolayer was also used as an 

additional control. The samples were stored at either 4 °C or -80 °C, to allow a comparison of 

assay effectiveness using fresh vs frozen media effluent.  

4.2.5 Determination of viability in situ 

To investigate spheroid viability in situ, the FDA/PI assay was adopted to determine the levels 

of live and dead cells present within a MCF7 spheroid mass (3.5 x 104 cells). Spheroid viability 

was assessed over a period of 72 h in spheroids either on-chip, or in static conditions off-chip. 

As a positive control for cell death, spheroids were treated using 100 nM of gemcitabine, a 

clinically relevant cytotoxic agent used in breast cancer treatment (Plunkett et al., 1995; 

National Institute of Health, 2015). Fluorescence quantification was performed using ImageJ 

analysis software.   
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4.2.6 Analysis of spheroid structural integrity on-chip 

Spheroids were removed by flushing them ‘back’ through the deep channel in order to assess 

the structural integrity of the MCF7 spheroids (3.5 x 104 cells) following 72 h on-chip. The 

collected spheroids were then fixed and prepared for H&E staining, as described in section 2.6. 

4.2.7 Analysis of metastasis biomarkers in the on-chip spheroid model on-chip 

Two strategies were used to preliminarily evaluate markers of metastasis: (1) biomarkers 

secreted by the spheroids, i.e. VEGF and (2) biomarkers within the spheroid i.e. E-cadherin 

and Vimentin.  

Firstly, the presence of the pro-metastatic, pro-angiogenic secreted factor VEGF (Vascular 

Endothelial Growth Factor) was evaluated using a VEGF sandwich ELISA (see section 2.5). 

To evaluate whether the 3D models, both on- and off-chip can recapitulate the secretion of 

VEGF in a comparable manner to the 2D monolayers, VEGF secretion was compared between 

MCF7 (3.5 x 104 cells) 2D monolayers, spheroids grown off-chip and on-chip. Detected VEGF 

amounts were normalised as pg per 3.5 x 104 cells.  

Secondly, the presence of Epithelial-Mesenchymal Transition (EMT) markers, E-cadherin and 

Vimentin, was evaluated by Western blotting (as noted in section 2.5). E-cadherin is critical in 

the EMT transition, being present in epithelial-like cells, such as MCF7. Vimentin is a 

mesenchymal marker of cells that have undergone the EMT shift. The presence of either E-

Cadherin or Vimentin could dictate whether the cells or spheroids have undergone a phenotypic 

change, identifying any effects the microfluidic device has on cancer spheroids. 
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4.3 Results 

4.3.1 Device flow and shear stress calculations 

 

Shear stress within the human body can vary greatly and table 4.1 shows typical shear stress 

values for main blood vessels through the human body.  

Table 4.1:  Human blood vessels and typical shear stress (Pa) values (Reneman & 

Hoeks, 2008) 

Blood Vessel Shear Stress / Pa 

Carotid Artery 1.1-1.3 

Brachial  0.4-0.5 

Femoral 0.3-0.5 

Arterioles  1.0-5.0 

Interstitial 

(primary 

tumours)  

 

<0.01 

 

As shown, cancer cells and tumours do not typically experience high velocities and stresses, 

except for when they are in circulation moving to a distant site. Therefore, the shear stresses 

modelled within a microfluidic device use shear stress values which more closely mirror 

interstitial flow and stresses experienced by cancer cells in vivo, for example being <0.1 

dyn/cm2 in interstitial flow and below. Examples of models using these limits are Mina et al, 

whom used stresses of 1 dyn/cm2, whilst Lee et al (0.05), Ip et al (0.01, 0.02, 0.002) and 

Mitchell and King (0.007 – 0.015) all used shear stress values of 0.007-0.0015 dyn/cm2. 
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Shear stress within our generation 1 microfluidic device were therefore calculated to best 

mimic conditions found within the human body and be comparable to those found above. To 

calculate and show the shear stresses present, flow rates must first be shown and considered. 

Typical flow speeds of human blood vessels can be seen in Table 4.2. Similarly, to before, 

these velocities are a lot higher than cancer cells and primary tumours experience in vivo. 

Therefore, DMEM was flown at 3 µL min-1, which reflects values seen within the literature to 

replicate in vivo tumours (Kraning Rush et al., 2012; Jain et al., 2014). Flow rates which are 

too high may be damaging the spheroid, whereas too low flow rates may leave the spheroid 

without nutrients, thus not being reflective of a human tumour. The internal speed and 

residence speeds of DMEM flow through the microfluidic device was calculated using 

equation 1. 

 

𝑠𝑝𝑒𝑒𝑑 (𝑠) =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑣)

cross sectional area (A)
 

equation 1 

 

The flow speed was calculated to be 3.33 mm min-1 in the deep channel, 13.33 mm min-1 in 

the shallow channel, and 1.5 mm min-1 in the micro-well section of the chip device. The total 

residence time within the device was calculated to be 18.16 min. These calculations signify 

that the microfluidic device would be completely replenished with new media three times an 

hour. Static culture spheroids only have fresh DMEM replenished every 24 to 48 h, therefore 

replenishing the media three times every h on-chip should be enough time to refresh the 

spheroid with nutrients and remove waste continuously, offering an advantage over static 
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culture. By using the flow rates shown, it is possible to demonstrate the shear stress present 

within the microfluidic device, calculated through equation 2. 

 

 

 

Table 4.2:  Blood vessels and associate blood velocities Blood vessel speeds are shown to 

give a comparison of the speeds used in this experiment. (Thurston, 1976 ) 

 

Blood Vessel Velocity (mm 

min-1) 

Aorta 6.3 

Capillaries 0.005 

Vena Cava 2.5 

 

 

Shear stress (𝜏) has been shown to affect cellular adhesion and metastatic progression 

(Cezeaux JL  et al., 1991; Kumar S & V, 2009; Kraning Rush C et al., 2012; Jain RK et al., 

2014) and therefore must be considered in the context of the spheroid study on-chip. Shear 

stress acts upon the spheroid within the microfluidic device depending on the channel 

dimensions, viscosities and flow rates employed (equation 2) (Ip et al., 2016), 

 

𝜏 = 6
𝑄𝜇

ℎ2𝑤
 

          (equation 2) 
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where 𝜏 is the shear stress (Pa), Q is the volume flow rate (m3 s-1), µ is the dynamic viscosity 

(Pa s), h is the channel height (m) and w is the channel width (m). As an example, shear 

stresses acting on blood vessels within the human body is summarised in Table 4.2 (Reneman 

& Hoeks, 2008). 

For an aqueous solution (µ = 8.90 x 10-4 Pa s), pumped at 3 µL min-1 through the shallow 

channel (h = 150 x 10-6 m, width w = 1.5 x 10-3 m), the channel cross sectional area A = w h 

equals 2.25 x 10-7 m2. The volume flow rate Q therefore equates 5 x 10-11 m3 s-1. Inserted into 

equation 2, 

 

𝜏 = 6
5 𝑥 10−11 𝑚3𝑠−1 𝑥 8.90 𝑥 10−4 𝑃𝑎 𝑠

(1.5 x 10−4m)2x 1.5 x 10−4m
= 7.94 𝑥 10−3 𝑃𝑎 

equation 3 

This is commonly expressed in dyn cm-2, where 1 Pa equals 10 dyn cm-2. Therefore, the shear 

stress in the shallow channel equals 𝜏 = 7.91 x 10-3 Pa or 7.91 x 10-2 dyn cm-2. 

The same calculation can be carried out to determine the shear stress in the deeper channel (h 

= 6 x 10-4 m, w = 1.5 x 10-3 mm) and the micro-well (h = 1 mm, w = 2 mm at its widest 

point). The values are summarised in Table 4.3. The values within our device are like those 

shown previously, by Lee, Ip and Mitchell and King - 0.007-0.0015 dyn/cm2. 

Table 4.3:  Shear stress values within the microfluidic device 

Microfluidic  

chip component  

Shear Stress  

/ Pa 

Shear Stress 

/ dyn cm
-2
 

Shallow Channel 7.91 x 10-3 7.91 x 10-2 

Micro-well  1.34 x 10-4 1.34 x 10-3 

Deep Channel 4.94 x 10-4 4.94 x 10-3 
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4.3.2 Spheroid incorporation into microfluidic device 

Spheroids from a panel of cell lines at a range of cell densities as noted in section 3.1 were 

incorporated into the device. Table 4.4 details spheroid incorporation success. Successful 

incorporation was achieved for U-87 MG and MCF7 spheroids at 2.5 x 10 4 and 3.5 x 104 cells 

per well. This was consistently seen across the replicates used. Partial success was seen in 

HCT116 and HT29 spheroids seeded at 2.5 x 104 and 3.5 x 104 cells per well. However, all the 

MDA-MB-231 spheroids disaggregated across all seeding densities used. MCF7, U-87 MG, 

HCT116 and HT29 spheroids either flowed through (when seeded 5 x 103 cells per well) or 

became lodged and trapped (5 x 104 cells per well) at various other locations, such as the inlet 

ports and deep channels. Examples are shown in Figure 4.2 & 4.3.  

As previously stated, (section 3.1.), MDA-MB-231 spheroids appeared larger than the other 

cell line counterparts. This is potentially due to the type of cell binding present. MDA-MB-

231 spheroids binding is mediated by collagen I and integrin β, with no cadherin involvement 

as opposed to cadherin binding and thus tight spheroids seen in MCF7 cells (Ivascu & . 

2007). 
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Table 4.4: Spheroid incorporation success for the panel of cancer cell lines  
Spheroids were seeded at four cell densities and formed over 96 h. Spheroids were collected at day 4 

in separate collecting tubes and tested for incorporation into a microfluidic device (as per section 2.8). 

minimum of n=3 in triplicate 

 

Cell Line 

Spheroid 

Density 

(cells per well) 

Spheroid 

approximate 

diameter 

(in µm) 

Outcome 

MCF7 5x103 700 All spheroids flowed through 

MCF7 2.5x104 1000 Success 

MCF7 3.5x104 1200 Success  

MCF7 5 x104 1300 All spheroids became lodged 

MDA-MB-231 5x103 880 
Spheroids disintegrated before 

entry 

MDA-MB-231 2.5x104 1400 
Spheroids disintegrated before 

entry 

MDA-MB-231 3.5x104 1600 
Spheroids disintegrated before 

entry 

MDA-MB-231 5 x104 1800 
Spheroids disintegrated before 

entry 

HCT116 5x103 1000 All spheroids flowed through 

HCT116 2.5x104 1250 
Partial success* (less than 100% 

spheroids kept in microwell)  

HCT116 3.5x104 1400 Partial success* 

HCT116 5 x104 1500 All spheroids became lodged 

HT29 5x103 850 All spheroids flowed through 

HT29 2.5x104 1200 Partial success* 

HT29 3.5x104 1350 Partial success* 

HT29 5 x104 1750 All spheroids became lodged 

U-87 MG 5x103 700 All spheroids flowed through 

U-87 MG 2.5x104 975 Success 

U-87 MG 3.5x104 1100 Success  

U-87 MG 5 x104 1150 All spheroids became lodged 
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Figure 4.2. Successful spheroid incorporation into the micro-well of the microfluidic device  

(a) Representative image of U87MG spheroids seeded at 3.5 x 104 cells per well) and (b) representative 

image of U87MG spheroids seeded at 2.5 x 104 cells per well. (c) and (d) are two MCF7s spheroids- 

both 3.5 x 104 cells per well. These were tested in microfluidic devices. The separate images above show 
the successful incorporation of these spheroids into the microfluidics micro-well. These spheroids were 

contained within the micro-well for the duration of experimentation, before being flowed out into a 

collecting vessel. Blue arrows denote spheroids, red arrows denote air bubbles. Flow is from left to 

right. Scale = 500 µm.  
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Figure 4.3. Examples of unsuccessful spheroid integration into the microwell of the microfluidic 

device 

(a- b) Images of two U87MG spheroids, seeded at 2.5 x 104 cells per well; (c) HCT116 spheroid seeded 

at 5 x 10 3 cells per well; (d) MCF7 spheroid seeded at 5.0 x 104 cells per well. The separate images 

show the unsuccessful placement of these spheroids into the microfluidic micro-well. Image (a) 
demonstrates a spheroid becoming ‘stuck’ to the internal wall of the micro-well, (b) a spheroid being 

fragmented and passing through the micro-well, (c) a spheroid stuck to the internal edge of the micro-

well; (d) a spheroid passing through the micro-well to the device’s shallow channel wall. The spheroids 
were consequently disposed of and the device cleaned. Blue arrows denote spheroids, red arrows denote 

air bubbles. Flow is from left to right. Scale bar = 500 µm.  
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Overall the results demonstrate that spheroids seeded at 2.5 x 104 and 3.5 x 104 cells per well 

were most suited for incorporation into the microfluidic device, specifically the MCF7 and U-

87 MG spheroids, which is likely due to their compact size and tight binding (Vinci et al., 

2012).  

Once the spheroids were incorporated into the device, the device was placed and set up in an 

egg incubator set to 37 °C, connected to the syringe pump, shown in figure 4.4. Following this, 

the spheroids needed to be assessed for their viability in comparison to their off-chip models.  

 

4.3.3 Assessment of spheroid viability on-chip vs off-chip: cell death marker in effluent 

The first strategy to determine spheroid viability on-chip vs off-chip was the CytoTox-Glo 

cytotoxicity assay for extracellular activity of an intracellular ‘death’ protease, which is 

released into the effluent once cell membrane structure is compromised. Figure 4.5 shows that 

there is not any difference between the experimental conditions. Moreover, there are large 

overlapping error bars. It is noteworthy that this assay measures protease activity, not a direct 

measure of viability.  
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Figure 4.4: Egg incubator and microfluidic device set up 

Disposable syringes filled with complete DMEM is connected to a microfluidic device placed inside an 
egg incubator (Covatutto 24 eco, Novital, Italy). The flow rate is set to 3μl min-1 and the spent media 

collected in a 15ml collection vesicle. After 24 h the vesicles are replaced. Scale bar is 28 mm, half the 

microfluidic device width.  
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Figure 4.5: Luminescence histogram shows protease activity in fresh media effluent on the 

microfluidic device than cellular monolayer and off-chip spheroid  

MCF7 spheroids 3.5 x 10 4 (cells per well) were seeded over 96 h, at 96 h the monolayer and spheroids 

were seperated into three categories – monolayer, spheroid off-chip and on-chip. MCF7 monolayer 

and spheroid off-chip were used as controls (3.5 x 104). The spheroids were left for 72 h and the media 
effluent collected at 24, 48 and 72 h timepoints. The effluent was stored at 4oC and tested using CytoTox 

Glo assay (as per section 2.4). 3 replicate wells were setup per experiment. Histogram representes the 

average luminescence signal per well of n=3 independent experiments. Error bars are the SE. ANOVA 

shows no significance. 
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4.3.3.1 Impact of freezing on sample stability for CytoTox Glo Assay 

Cellular viability data from fresh samples (figure 4.6) showed that the lowest protease activity 

was detected in samples from 24 h on-chip spheroid, with the highest being from the static 

spheroid. The monolayer and static spheroid samples registered 20 and 38% higher protease 

activity than the spheroid on-chip condition samples. Similarly, at 48 h, the protease activity in 

cell monolayer samples was 50% higher than the on-chip condition samples. Likewise, there 

was a 13% difference in protease activity between static spheroids and on-chip spheroids, with 

the on-chip spheroids registering lower protease activity. This trend is also observed at 72 h, 

with on-chip sample protease activity 10% lower than for the other conditions. Therefore, in 

general, on-chip fresh media samples show the highest viability, as noted by decrease in 

protease activity. 

Protease activity from frozen and the defrosted media is shown in figure 4.7. At 24 h, the 

protease activity was lowest in the microfluidic device, followed by the static spheroid and then 

the monolayer. There is a low, approximately 10%, difference between all three conditions. 

The highest activity at all three time points is seen in the monolayer. At 48 h there is a 6 and 2 

fold decrease in protease activity in the static and on-chip spheroid compared to the monolayer, 

respectively. Finally, at 72 h, the lowest activity is again seen in the on-chip spheroid, being 

25% better than the static spheroid and 118% better than the monolayer. Protease activity is an 

indication of viability. The results suggest there is good viability seen in the on-chip spheroid 

compared to the static spheroid and even more so compared to the monolayer. 

Overall, the data shows that the frozen effluent data has lower protease activity than the fresh 

samples. However, the values suggest it is best to use the fresh sample effluent to not miss 

activity from the testing conditions (both 4.6 and 4.7 are from the same samples). 
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4.3.4 Assessment of spheroid viability on-chip vs off chip: in situ live/dead assay 

In order to evaluate spheroid cell viability in situ, the FDA/PI live/dead assay was conducted. 

The results are presented in Figures 4.8 & 4.9. The intensity of green fluorescence (indicative 

of live cells) produced was comparable at 24 h in the control (off-chip) and gemcitabine treated 

spheroids. However, there was a 1.5 fold increase in intensity of red fluorescence (indicative 

of dead cells) in the gemcitabine treated spheroids than the control. This trend was reflected at 

48 h, in which the off-chip spheroids had a 9% increase in green intensity than the gemcitabine 

conditioned spheroids, with a 25% increase in the proportion of red fluorescence in the 

gemcitabine spheroids compared to the control. At 72 h the highest intensity of red fluorescence 

is seen in the gemcitabine spheroids. These spheroids contain 25% and 66% higher intensity 

than the off-chip and on-chip device spheroids.  

The on-chip spheroid shows the lowest intensity of red fluorescence, having 33% less than the 

control spheroids. Similarly, the highest green intensity is seen in the on-chip spheroids, about 

18% and 60% better than the off-chip and gemcitabine spheroids, respectively. These results 

show that the on-chip contain a higher proportion of live cells and less dead cells than the other 

two conditions, supporting the cell viability CytoTox Glo data. 

Although figure 4.11 is a representative qualitative image, it shows a limitation with the 

generation 1 microfluidic device design. The MCF7 spheroids which were removed from the 

device were misshapen and broken, which could be attributed to the cells becoming trapped 

and stuck to the inner chamber and channel surfaces of the microfluidic device, with the 

representative image showing the most intact spheroid to be collected from the device across 

the replicate experiments. The result showed that redesign of the microfluidic device was 

needed, which will be addressed in Chapter 5. 
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Figure 4.6: Luminescence histogram shows protease activity in the fresh media effluent on the 

microfluidic device, cellular monolayer and off-chip spheroid 

MCF7 spheroids 3.5 x 10 4 (cells per well) were seeded over 96 h, at 96 h the spheroids were seperated 

into three categories – monolayer, spheroid off-chip and on-chip. MCF7 monolayer and spheroid off-

chip were used as controls. The spheroids were left for 72 h and the media effluent collected at 24, 48 

and 72 h timepoints. The effluent was stored at 4oC and tested using CytoTox Glo assay. This indicates 
cytotoxic stress of the cells present through protease activity. a)Histogram of all conditions including 

control valuesat 0 h b) Histogram of all conditons without controls (0 hr from) SE of N=3 is represented. 

ANOVA shows no significance. 

  

a) 

b) 
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Figure 4.7: Luminescence histogram shows protease activity in the frozen media effluent on the 

microfluidic device, cellular monolayer and off-chip spheroid  

MCF7 spheroids 3.5 x 10 4 (cells per well) were seeded over 96 h, at 96 h the spheroids were seperated 

into three categories – monolayer, spheroid off-chip and on-chip. MCF7 monolayer and spheroid off-
chip were used as controls. The spheroids were left for 72 h and the media effluent collected at 24, 48 

and 72 h timepoints. The effluent was stored at 80 oC and tested using CytoTox Glo assay. This indicates 

cytotoxic stress of the cells present through protease activity.a)Histogram of all conditions including 

control valuesat 0 h b) Histogram of all conditons without controls (0 hr from) SE of N=3 is represented. 

ANOVA shows one and two star significance. * p<0.05, ** p<0.01  

a) 

b) 
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Figure 4.8: FDA-PI fluorescence quantification in spheroids off-chip vs on-chip 

MCF7 spheroids were formed at 3.5 x 104 cells per well. Spheroids were either incorporated into a 

generation 1 microfluidic device (on-chip) or left in a ULA plate (off chip). A set of off-chip spheroids 

were treated with 100 nM Gemcitabine. Fluoresce intensity was determined using Image J. Histograms 

represent the average FDA- and PI- associated fluorescence as a unit of intensity over area for n=3 
independent experiments. Raw intensity of original grey scale images of all three spheroid conditions 

at 24 h (A), 48 h (B), and 72 h (C) is plotted over area. Error bars represent standard error.  Two-way 

ANOVA was performed to test for statistical significance.  * p<0.05, **** p<0.0001  



177 | P a g e  
 

 

 

 

 

 

 

Figure 4.9: Representative images of FDA-PI stained MCF7 spheroids in two testing conditions 

Representative FDA/PI live/dead staining images of MCF7 spheroids (3.5 x 104 cells per well) at 24 h. 

(A) Untreated spheroid off-chip; (B) Spheroid treated with 100 nM Gemcitabine for 24 h off-chip Red 
fluorescence represents PI incorporation and dead cells; green fluorescence represents FDA 

incorporation and live cells. Scale bar represents 200 μm. n=3 experimental repeats in triplicate.  

 

  Merge     FDA        PI 
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Figure 4.10: Representative images of FDA-PI stained MCF7 spheroids in two testing conditions 

Representative FDA/PI live/dead staining images of MCF7 spheroids (3.5 x 104 cells per well) at 48 h. 

(A) Untreated spheroid off-chip; (B) Spheroid treated with 100 nM Gemcitabine for 48 h off-chip Red 
fluorescence represents PI incorporation and dead cells, green fluorescence represents FDA 

incorporation and live cells. Scale bar represents 200 μm. n=3 experimental repeats in triplicate. 

  

 

  Merge     FDA        PI 
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Figure 4.11: Representative images of FDA-PI stained MCF7 spheroids in the three testing 

conditions 

Representative FDA/PI live/dead staining images of MCF7 spheroids (3.5 x 104 cells per well) at 72 h. 

(A) Untreated spheroid off-chip; (B) Spheroid treated with 100 nM Gemcitabine for 72 h off-chip; (C) 
untreated on-chip spheroid, incorporated into a microfluidic device for 72 h and subsequently removed 

for staining. Red fluorescence represents PI incorporation and dead cells, green fluorescence 

represents FDA incorporation and live cells. Scale bar represents 200 μm. n=3 experimental repeats 

in triplicate.  

 

     Merge        FDA        PI 
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4.3.5 Evaluation of metastasis biomarkers on-chip vs off chip: VEGF secretion 

In order to evaluate whether it was possible to analyse secreted biomarkers relevant to 

metastatic spread using the spheroid on-chip model, the levels of a common pro-metastatic, 

pro-angiogenic biomarker, the growth factor VEGF, were analysed in the conditioned media 

effluent in both 2D monolayer, off-chip spheroids and on-chip spheroids (kept under 

continuous media flow).  

Figure 4.12 shows the VEGF levels in the conditioned media or effluent for the various media 

samples. The results show that at 24 h the highest level of VEGF for U-87 MG samples were 

observed in the off-chip spheroid samples, approximately 50% more VEGF than for the cell 

monolayer, samples and 25% more VEGF than on-chip spheroids samples. On-chip spheroid 

samples contained 40% more VEGF than the monolayer samples. At 48 h there was no clear 

difference between secreted VEGF levels in all media samples. The data was too high to be 

recorded at 72 h.  

In MCF7 samples, at 24 h the least amount of VEGF was measured in the on-chip spheroid 

media samples, being 66% less than the off-chip spheroid media samples. At 48 h the VEGF 

levels was uniform across all samples, meaning the levels increased 6 x in the on-chip 

conditions from 24 h. At 72 h however, the detected VEGF levels are lowest in the on-chip 

samples, approximately 25% less than the other samples. Albeit it not statistically significant.  

Overall, the results demonstrate that not only is it possible to detect VEGF, but it is identifiable 

and comparable between media samples from the cell monolayer and both off-chip and on-chip 

spheroid, albeit with no statistically significance difference between them. Furthermore, the 

data show that biological markers of metastasis can be collected over a full 72 h from the 

effluent from the on-chip model, indicating the possibility to detect other secreted biomarkers   
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Figure 4.12: VEGF secretion between 2D, 3D off-chip and 3D-on-chip models 

U 87 MG (A) and MCF7 (B) spheroids and cell monolayers were formed at 3.5 x 104 cells per well. 

Spheroids were either incorporated into a generation 1 microfluidic device (on-chip) or left in a ULA 

plate (off chip), and the monolayers were grown in a flat bottom plate. Media was collected at 24, 48, 

and 72 h, and the presence of secreted VEGF was analysed using a VEGF ELISA (see section 2.5). 
VEGF concentration was normalised to 3.5x104 (as noted in section 2.5). Histograms represent the 

media from n=3 independent experiments. Error bars represent the SE.  Two-way ANOVA was 

performed to test for statistical significance. ANOVA shows no significance.  
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4.3.6 Evaluation of metastasis biomarkers on-chip vs off chip: protein expression 

Expression of biomarkers for epithelial-mesenchymal transition (EMT) was evaluated in 

MCF7 monolayers, MCF7 spheroids in a ULA plate (off-chip), MCF7 spheroids in a 

microfluidic device (on-chip), as well as MCF7 and MDA-MB-231 cell monolayer (all seeded 

at 3.5 x 104 cells per well) in normoxic (20% O2) and hypoxic controls (2% O2). Western blots 

were conducted to assess protein expression between these samples.  

MCF7 cells and spheroids were used as opposed to U-87 MG cells and spheroids, to identify 

if there was a change in epithelial to mesenchymal transition in a epithelial type tumour. 

Representative images for the blots at the various conditions can be seen on Figures 4.13. 

Distinct bands for E-cadherin at 130 kDa were observed in all MCF7 cell line samples.  No 

bands at this molecular weight were visible in the MDA-MB-231 controls. Reciprocally, 

vimentin was found to be expressed in the MDA-MB-231 control samples, whilst no 

expression of vimentin was observed the MCF7 samples, as is expected with mesenchymal- 

and epithelial-like cells, respectively. Interestingly, additional bands were observed exclusively 

in the MCF7 on-chip spheroid samples when probing for E-Cadherin, specifically at 80 kDa 

and 30 kDa, suggesting the protein is being cleaved or degraded or there is fragmentation of 

the junctions between the cells within the spheroids.   



183 | P a g e  
 

 

 

 

 

Figure 4.13: Expression of EMT markers in spheroid models (off-chip and on-chip) vs 2D 

monolayers  

Cell lysates were prepared in UTB buffer at 50μg protein from a MCF7 monolayer, MCF7 off-chip 

spheroid, MCF7 on-chip spheroid (all 72 h), (20% O2) normoxic and (2% O2) hypoxic MCF7 
monolayer controls and (20% O2) normoxic and (2% O2) hypoxic MDA-MB-231 monolayer controls 

(all samples; 3.5 x 104 cells). 50 µg of protein per sample were loaded in an 10% SDS-PAGE gel, 

separated, and processed for western blotting detection of E-cadherin and Vimentin expression. 

Loading control was β-actin. Image representative of minimum n=5 experiments.   
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4.4 Discussion 

4.4.1 Key findings 

The specific aims of the research described in this chapter were to design and validate a 

microfluidic device for spheroid incorporation and maintenance. This involved 1) design and 

fabrication of the device, 2) incorporation of a spheroid, and 3) assessment of spheroid viability 

and migration/invasion potential. 

A microfluidic device (generation 1) was designed and fabricated. Shear stresses present within 

the device were comparable to those seen within the literature and in vivo models. Moreover, 

spheroids could be incorporated into the device, with U-87 MG and MCF7 spheroids (2.5 x 

104 and 3.5 x 104 cells) being the most suitable. Cell viability was assessed on-chip in 

comparison to off-chip, which showed the spheroids were able to be maintained viable for 72 

h within the microfluidic device. It was also shown that it is possible to detect known secreted 

factors involved in metastatic spread (VEGF) in the effluent collected from the on-chip model. 

However, it was noted that the shape of the spheroids retrieved from the chip devices were 

irregular/non-spherical, which could be a consequence of compression in the slightly too small 

microwell chamber on the device. This may have resulted in E-cadherin expression being 

altered. Thus, it was decided to alter the design of the microfluidic device to fully house the 

spheroid without compression, as discussed below. 

4.4.2 Shear Stress 

The values calculated for the shear stress within the microfluidic device (between 1.34 x 10-4 

7.91 x 10-3) (Table 4.3) were far lower than the values seen in blood vessels (between 0.3 and 

5.0 Pa) (Table 4.2), however, shear stress within interstitial flow has been reported as 7 x 10-3 

to 1.5 x 10-2 dyn cm -2 (Mitchell & King, 2013). These are like values calculated for the 

generation 1 the microfluidic device. Increased rates of interstitial flow have been shown to be 

highly correlated to migration, further supporting how mechanistic forces, such as shear stress, 
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need to be considered carefully within the microfluidic device (Shields et al., 2007; Munson & 

Shieh, 2014). In a recent study, migration of epithelial ovarian cancer cells were evaluated 

within a microfluidic device with wall shear stress values of 0.5, 1.0 and 1.5 dyn cm -2  

(Avraham-Chamik et al., 2013) and other groups used 0.002, 0.007 and 0.015 dyn cm-2 

(Mitchell and King, 2013; Ip et al, 2016). It was found that wall shear stress caused cell 

elongation, fibre formation and microtubule formation, suggesting shear stress may influence 

cell spreading. For the generation 1 microfluidic device employed here, the shear stress values 

were within an acceptable range to study cellular migration and spread. 

4.4.3 Spheroid Incorporation 

The microfluidic device featured a deep channel of 600 μm depth by 1500 μm width, followed 

by a microwell of 1000 μm depth and 2000 μm. Finally, there was a 150 μm deep, 1500 μm 

wide shallow channel after the microwell. Therefore, spheroids needed to pass through these 

dimensions (600 μm x 1500 μm) to reach the central microwell. It was found that U-87 MG 

and MCF7 spheroids (2.5 and 3.5 x 104 cells per well) had the highest success rate for 

incorporation, followed by HCT116 and HT29 spheroids at 3.5 x 104 cells per well (section 

3.1). Both U-87MG and MCF7 (2.5 x 104 cells per well) spheroids were approximately 1000 

μm in diameter, therefore they would need to compress their size by 40% to reach the 

microwell. This is also similar for the 3.5 x 104 seeded MCF7 and U-87 MG spheroids, which 

would need to compress 50 and 45% respectively, to reach the microwell. This level of 

compression is reflected in the HT-29 and HCT116 spheroids at 2.5 x 104 cells per well, which 

also needed to compress their size by 50 % to reach the microwell. MDA-MB-231 spheroids 

completely disaggregated after pipetting. The larger sized spheroids from all cell lines (MCF7, 

HCT116 and HT-29) would need to compress to 55%, 60% and 65% of their original size to 

reach the microwell, and all got lodged within different locations at in the deep channel. These 

observations are explainable, however. Spheroid compression under small levels of 
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compressive pressure was investigated by Das and colleagues (Das  et al., 2013). They found 

that a 400 µm diameter spheroid was able to compress its shape and squeeze through a 200 µm 

wide channel (50% reduction in size) when subjected to small compressive pressures The 

MCF7 and U-87 MG spheroids used in the here presented work would need to compress to 

about half their size which is similar to the spheroid compression reported by Das. Moreover, 

U-87 MG cells have been reported to form rigid, compact spheroids (Günther  et al., 2003; 

Ramis et al., 2012; Vinci et al., 2013; Aaberg-Jessen et al.,2013). This tight-bound, robust 

structure will likely allow the spheroids to withstand compression pressures (Vinci et al., 

2012).  

The 5 x 104 cell per well spheroids may have got lodged, not only due to increased size, but 

also due to the microfluidic device properties. The device glass surface is hydrophilic and 

negatively charged, so sticking of biomolecules and cells to glass surfaces are common 

(Kangning et al., 2012). CNC glass fabrication has been shown to result in somewhat rough 

channels (Kangning et al., 2012). The larger 5 x 104 cells per well spheroids would be very 

close to the channel edge and got stuck due to the rough edge. As the highest success rates for 

incorporation were seen in MCF7 and U-87 MG spheroids, these were used for subsequent 

experiments.  

4.4.4 Shear Stress and migration capability 

MCF7 and U-87 MG spheroids were incorporated into the microfluidic device and perfused 

with media at a flow rate of 3 µL min-1 (5 x 10 -11 m3 s-1) (section 2.8). This speed results in the 

spheroid being replenished with nutrients three times an hour, specifically once every 18.16 

min. Large tumours contain hypoxic and anoxic regions being poorly supplied with structurally 

solid blood vessels and therefore have lower blood velocities and shear stress, than the external 

tissue and environment (Mitchell & King, 2013). Therefore, the gentle speed within the 

microfluidic device mimics the velocity found within in vivo tumours. The shear stress values 
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in interstitial flow ranges from 7 x 10-3 to 1.5 x 10-2 dyn cm-2  (Mitchell & King, 2013). The 

low levels of shear stress on spheroids was also used by Ip and colleagues. They used shear 

stress (less than 0.1 dyn cm-2) which closely mimics the level expressed in the peritoneum, 

on ovarian cancer spheroids (Ip et al., 2016). Their findings were that spheroids grown under 

both 0.002 dyn cm-2 and 0.02 dyn cm-2, like the values within the microfluidic device in this 

project, induced expression of epithelial-to-mesenchymal markers. This suggests that shear 

stress is associated with the promotion of tumour spread, further reinforcing that the current 

spheroid-on-a-chip model could be used in future experiments to look at early stage invasion 

and metastasis. Furthermore, increased rates for interstitial flow have been shown to be highly 

correlated to increased migration (Shields et al., 2007; Munson  & Shieh, 2014). Prior to 

identifying metastatic markers on-chip, the viability of spheroids was assessed, and compared 

to that of spheroids off-chip. 

4.4.5 Evaluation of cell viability maintenance in the spheroid-on-chip model 

4.4.5.1 Evaluation of cell viability using effluent biomarkers 

To assess cellular viability, the CytoTox glo assay was used. Other groups typically use the 

LDH assay (Choi et al., 2015), trypan blue counting or fluorescent labelling of cells (Kwak et 

al., 2018; Lee & Cha, 2018;Rogers, 2018; Chen et al., 2019). However, whilst these studies 

identify an increase in cell viability on-chip over the static culture or monolayer, supporting 

trends seen within this data, they are end point assays, requiring the lysis of cells to determine 

the fraction of viability. In comparison, the CytoTox glo assay used in this work allowed the 

collection of effluent over time to analyse the presence of protease, to act as an indicator of 

viability. Meaning it enabled the collection of media from all testing conditions every 24 h 

without being an endpoint assay (Riss et al., 2014). The use of this assay for continued 

collection of media overtime from on-chip spheroid conditions is something that appears 

novel. The CytoTox assay results suggested that spheroids on-chip have lower levels of 



188 | P a g e  
 

protease activity than the off-chip counterparts, indicating fewer cells undergoing cell death 

in the same period. However, a consideration for this assay was that the assay has been 

designed for monolayers of cells, and at a smaller seeding density, 2.5 x 104 cells (Holden & 

Horton, 2009) and not for 3D cell models such as spheroids. The protocol outlined specific 

incubation times (15 min) for the lysis buffer to be able to lyse the control monolayer of cells 

effectively , not the control spheroids, which may need longer (Holden & Horton, 2009; 

Edmondson et al., 2014). The viability value was lower in the frozen samples than the fresh 

samples (section 4.4). At -80 °C proteins should denature, which is a possible reason for the 

deduction of viability values seen in the frozen samples in comparison to those of the fresh 

samples (Percival  et al., 1999; Sarker et al., 2013).  

The control value is very high in comparison to the spheroid controls. The other fresh viability 

data shows they should be comparable, as both are seeded at 3.5 x 104 cells. The change of 

machinery (due to a fire) may have affected the data reading and output. If the machine detected 

the phenol red presence within the media, then this could interfere with the luminescence 

values. The key observations from all cellular viability data are that viability decreases with 

frozen media samples in comparison to fresh media. The results demonstrate that the cell 

monolayer has a lower viability value across all, and spheroids on-chip have a better viability, 

and the generation 1 microfluidic device allows for successful maintenance of viability for the 

spheroids on chip.  

4.4.5.2 Evaluation of cell viability in situ 

 

The FDA/PI assay demonstrated that the spheroid on-chip appeared to have a lower proportion 

of dead cells than the off-chip conditions, and increased proportion of live cells. The difference 

between the off-chip and on-chip spheroid viability can be explained by the continuous 

perfusion of the spheroid and removal of nutrients and waste (Halldorsson et al., 2015). This 
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continuous flow prevents the accumulation of metabolites and waste in the external 

environment, potentially contributing to increased cell viability. It is possible that the lower 

proportion of dead cells is lower in the microfluidic device due to the device design itself, due 

to either dead cells becoming trapped within the internal channels, or flushed out over the 72 h 

time period (Whitesides, 2006; Ren et al., 2013). Overall the results did support the 

observations seen in the CytoTox Glo viability assay.  

However, it needs to be noted that the spheroids (repeats) in the on-chip condition all appeared 

to be broken or misshapen. It is possible to see from figure 4.11, that the spheroid has a leading 

edge, which appears and is likely to be the section of cells which are flowing through the initial 

interface between the shallow channel and microwell. This demonstrates that an adaptation to 

the device design is needed. One plausible approach to assess viability on-chip would be to 

image spheroids on-chip. However, an amendment to the microfluidic device would be 

required. This will be covered in Chapter 5. 

4.4.6 Evaluation of pro-metastatic biomarkers in the spheroid-on-chip device 

To further analyse the biology of spheroids within the microfluidic device, especially regarding 

pro-metastatic characteristics, spheroids were collected and lysed, in preparation for protein 

expression analysis. EMT and VEGF were chosen to be looked at, as they are both indicative 

factors of cancer spread and migration. Therefore, their presence shows that cancer has moved 

to a migratory and invasive phenotype. As EMT is indicative of invasive cells then the factors 

associate with EMT were investigated. These factors include Vimentin and E-Cadherin 

(Weinberg, 2013). Another key aspect of the metastatic cascade that was investigated using the 

current model is tumour angiogenesis. One key molecule in tumour angiogenesis is vascular 

endothelial growth factor (VEGF) (Hoeben et al., 2004). 
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4.4.6.1 Evaluation of EMT  

E-cadherin is a type-I transmembrane glycoprotein that is localised to the adherens junctions 

and basolateral membrane in endothelial cells (ECs). E-cadherin consists of a large 

extracellular domain (comprised of 5 extracellular cadherin domain repeats) (David & 

Rajasekaran, 2012). The repeats bind calcium ions to form a stiff linear molecule, that bind in 

a homophilic fashion in trans-interactions (neighbouring cells) and cis-interactions (self), 

resulting in a 25 nm adherent junction (Perez & Nelson, 2004). E-cadherin also mediates tissue 

integrity and preservation of tissue function (Jeanes et al., 2008; David & Rajasekaran, 2012) 

and its loss is well characterised in tumour progression  

When epithelial like cancer cells (MCF7) undergo a shift towards a motile and invasive 

phenotype (mesenchymal like), they undergo the process known as epithelial mesenchymal 

shift (EMT). The cells express different proteins, including the replacement of E-cadherin to 

N-Cadherin, smooth muscle -actin, cadherin-11 and vimentin (Alkatout et al., 2013; Lima et 

al., 2016). As shown E-cadherin and vimentin was assessed through western blot. The results 

were expected in which the MCF7 monolayers and spheroids showed E-cadherin, whilst the 

MDA-MB-231 cell line samples showed no expression, instead MDA-MB-231 showed 

vimentin expression and the MCF7 samples did not.  

Interestingly, the spheroid on-chip model shows three additional bands of E-cadherin. The 

additional bands could be cleaved E-cadherin fragments at 80 and 38 kDa (repeated at least 5 

times). It could be and is more likely to be a result of the microfluidic device design where the 

rough surface could fragment and damage the spheroid breaking the cell-cell adhesions. This 

potential artefact of the damaged spheroid or misshapen spheroid is seen in figure 4.11.  

4.4.6.2  Cancer biomarker analysis -VEGF 

Increased VEGF released from the extracellular matrix is mediated by MMPs through a 

positive feedback loop (Rundhaug, 2003;Hollborn et al., 2007). VEGF has been shown to 
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promote increased endothelial cell proliferation, chemotaxis and vessel permeability 

(Rundhaug, 2003; Hollborn et al., 2007; Saharinen et al., 2011). Importantly, the presence of 

regions of hypoxia are associated with increased VEGF expression, leading to deregulated 

growth and sprouting of blood vessels (Saharinen et al., 2011).  

Therefore the presence of secreted VEGF on the effluent media could indicate that the 

spheroids are shifting towards an invasive phenotype (Hoeben  et al., 2004). The results show 

that U-87 MG effluent has a higher level of VEGF than MCF7. A reason for the increased 

levels of VEGF in U-87 MG conditions may be because U 87 MG is a high-grade stage IV 

glioblastoma and glioblastomas are typically endothelial rich tumours, relying on a constant 

blood flow and nutrient supply (Brem et al., 1972). VEGF can remodel endothelial cells 

(Roberts et al., 2013). Therefore, glioblastomas express high levels of VEGF to further remodel 

the basement membrane. Although the simulations confirm that the spheroids can access 

oxygen, there is a lower concentration within the device than first expected. A decreased 

oxygen concentration (<2%) within the chip should increase the metastatic potential, as 

hypoxia is known to drive metastatic progression (Valastyan & Weinberg, 2011; Rankin & 

Giaccia, 2016). This is important as it demonstrates that the different models of cancer (static 

spheroid, monolayer and on-chip spheroid) are not greatly changing the expression levels of 

VEGF, allowing the microfluidic model to be used for further experimentation on metastasis. 

4.4.7  Simulations 

COMSOL simulations were carried out to study the effect of flow rate, spheroid size and 

oxygen concentration within the microfluidic device. This work was performed by a PhD 

student in the Department of Chemistry at the University of Hull, Martin Christensen 

(Christensen, 2019). He constructed a model of simulation of flow within the generation 1 

microfluidic device, in which the computer-generated spheroids of varying size increments of 

100 μm ranging from 300 – 1300 μm were placed into the microfluidic device. The simulations 
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show how a spheroid of 1000-1200 μm diameter would be squeezed as it would not quite fit 

into the 2000 μm diameter and 1000 μm high cylindrical microwell on-chip. And that a 

spheroid of 1000-1200 μm diameter would have a core that is 65-75% of the total mass. It is 

noteworthy that the FDA/PI images (fig 4.11) from spheroids retrieved from the chip device 

also show evidence of spheroid compression. 

Figure 4.14 shows the oxygen concentration at a flow rate of 3μl/min. The highest oxygen 

concentration (0.2 mM) was found at the neck of the inlet, whilst the lowest oxygen 

concentration (0.05 mM) at the base of the microwell closest to the outlet of the microfluidic 

device. The simulation data shows that the spheroid would have good access to oxygen with 

concentrations of 0.15 - 0.2 mM at its inlet facing side but would have anoxic and hypoxic 

regions throughout, namely at the microwell base and the outlet; with oxygen concentrations 

of 0.05 and 0.1 mM. In vivo tumours can acquire a median of 3 mmHg (0.39%) O2. Ranging 

from 2.0- 32 pO2, with brain and breast cancer obtaining 1.7 and 1.3 % O2, respectively 

(Carreau et al., 2011; McKeown, 2014). Therefore, a spheroid within the device would have 

access to 0.1-0.2 mM O2, meaning it would be able to access a hypoxic but adequate amount 

of oxygen. The simulations clearly shows that the spheroids can acquire oxygen an 

acceptable level within the device. However, these findings supporting the redesign of the 

microfluidic device as presented in chapter 5.  

4.4.8 Further designs 

Following these experiments, it was decided to re-design the current device to a generation 2 

model device that would allow real-time imaging on-chip. It would be advantageous to acquire 

live/dead data whilst the spheroids are within the microfluidic device, thus allowing the ability  
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Figure 4.14: Symmetry view of the oxygen concentration  (Taken from Christensen, 2019) 

Volume plot of the spheroid incubation device harbouring a 1300 μm dimeter wide spheroid perfused 

with an air saturated medium at a flow rate of 3μL min-1. The mid-height cross-sectional line of the 
spheroid is indicated with a dashed white line. The spheroid was to ease the computational load divided 

into a viable rim and a depleted core region with higher mesh densities in the viable rim. The thickness 

of the viable rim is 120 μm. 
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Table 4.5: Evaluation of the spheroid device for the incubation of spheroids in the diameter range 

300-1300μm.  

Volume integrals were performed on each spheroid to determine how large of a volume is occupying 

regions above the necrotic oxygen concentration threshold (CNecrotic 0.00112 μM). (Taken from 

Christensen, 2019) 

Spheroid Diameter (μm) Volume (%) > CNecrotic 

300 100 

400 100 

500 84.6 

600 69.7 

700 58.3 

800 49 

900 40.3 

1000 33.2 

1100 28.5 

1200 24.9 

1300 22.3 

 

  



195 | P a g e  
 

 

 

 

 

 

 

Figure 4.15: Simulation of oxygen tensions within spheroids (Taken from Christensen, 2019) 

Spheroids incubated in the spheroid device as plotted along the cross section going from the outlet 

towards the inlet. The spheroids have diameter ranging from 300-1300 μm and were perfused with the 

air saturated medium (225μm) using a flow rate of 3μL min-1.  
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to monitor the spheroids in real-time. It was also envisaged to introduce ECM matrices and 

hydrogels such as collagen or Matrigel. Matrigel specifically is made of 60% laminin, 30% 

collagen and 8% entactin (Kleinman & Martin, 2005). These could surround the spheroid in 

the micro-well or the spheroid could be directly placed upon the gel substance (Kleinman & 

Martin, 2005; Hesse et al., 2010). This would thus allow the testing of spheroids invasion when 

within an ECM and perfusion culture. 

 

4.5  Conclusions 

 

The key results of this chapter include; the microfluidic device was able to be fabricated from 

Schott B270 glass. It was shown that spheroids were able to be incorporated into the device, 

with U-87 MG and MCF7 spheroids being most applicable. The shear stress was shown to be 

like literature values and in vivo conditions. Live/dead and cell viability assays showed that on-

chip spheroids were comparable to off-chip models. However, issues were noted with spheroid 

structure and spheroid compressing, therefore advancements are required.  
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Chapter 5 –The assessment of migration and invasion of 

cancer spheroids within an advanced microfluidic device 

design (generation 2 and 3) 
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5.1 Introduction 

5.1.1 Microfluidic devices for metastasis  

 

Microfluidic devices offer a novel and exciting platform to investigate metastasis and 

metastatic spread of tumour cells. They offer a highly controllable environment, including 

factors seen in vivo, such as continuous perfusion and shear stress (Whitesides, 2006; Weinberg 

& Hanahan, 2011). Shear stress has repeatedly been shown to increase the invasive potential 

of cells and metastatic progression (Rush et al., 2012; Jain RK et al., 2014). For example, low 

shear stress has been shown to have led to an increase in migration in vivo and in vitro in breast 

cancer cell models (Mitchell & King., 2013; Huang et al., 2018). Therefore, microfluidic 

devices are a desirable model to investigate the metastatic cascade (specifically the early 

stages- such as local invasion, intravasation and survival in circulation) using a variety of 

cancer cell lines (Song et al., 2009; Blaha et al., 2017; Kühlbach et al., 2018, Chaw et al., 2007; 

Acosta et al., 2014; Liu., 2019). The microfluidic device used in this report focusses on early 

stage metastasis, specifically local growth invasion and cell shedding from the primary mass. 

Two examples of metastatic research within a microfluidic device was conducted by Blaha and 

Hao. Hao’s group were interested in latter stage metastatic interactions, namely metastatic 

breast cancer migration to bone microenvironments. Hao developed a PDMS microfluidic 

device, containing a glass coverslip. They used the glass coverslip to grow MC3T3-E1, MDA-

MB-231 and MDA-MB-231 BRMS cells on. Before forming a 3D mineralised bone tissue over 

a 1 month period on chip. They noted that osteoblastic tissue, 85 μm in size, was able to be 

formed without differential agents. Moreover, they concluded that breast cancer cell 

interactions noted in vivo was recapitulated on-chip (Hao et al., 2018). Similarly, to Hao is 

Blaha. 
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Blaha investigated extravasation, cell-cell interactions and angiogenesis; specifically, 

endothelial cell and MDA-MB-231 cell interactions, on chip. They developed a PDMS 

microfluidic device, comprised of five inlets and hexagonal posts, resulting in five lanes. 3 

mg/ml of type I collagen was loaded into the device, encapsulating 4 x 106 cells/mL HUVEC 

cells. To help develop this system COMSOL modelling was adopted, to allow the group to 

visualise the location of cell presence and hydrogel location within the device. Overall, they 

developed a platform that allowed the isolation and imaging of cell-cell and cell-matrix 

interactions, focusing on MDA-MB-231 cells and HUVECs (Blaha et al., 2017). Blaha found, 

through confocal imaging, that HUVECs grow vertically across collagen. Moreover, they 

concluded that metastatic breast cancer cells have increased migration in the presence of 

HUVECs in comparison to HUVEC absence. The group quantified MDA-MB-231 cells invade 

1 μm (0.61 μm +/- 0.59μm) past collagen without HUVEC presence, whilst they invade 26.7 

μm with HUVEC presence (Blaha et al., 2017).  

5.1.2 Opportunities for device advancement and aims of this chapter 

 

Chapter 4 detailed the development and validation of a 1st generation of a spheroid-on-chip 

device setup, including evidencing the maintenance of spheroid viability of chip and suitability 

of the setup for the collection of material/samples relevant for evaluation of metastatic 

potential. However, specific issues with the device and the spheroid incorporation were also 

highlighted. Firstly, from figure 4.11 it was possible to see that spheroid shape and structure 

was changed within the device, potentially due to the rough surface of the microfluidic device 

glass surface edge formed from CNC fabrication. Secondly, the spheroid incorporation process 

were not ideal, as the spheroid has to be pumped through the deep channel in order to reach its 

intended location, which can impact on what spheroids can be incorporated or not. Finally, the 
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device is not ideal for imaging on a brightfield microscope, again potentially due to the glass 

thickness and roughness of the channels. 

 

5.1.3 Rationale and Aims 

 

The rationale of this chapter was to advance the microfluidic device to allow hydrogels to be 

incorporated within, something which was not possible in the generation one microfluidic 

device. This would allow a more replicative model of in vivo cancer within the microfluidic 

device. Furthermore, it would be desirable to be able to image a spheroid on-chip in real time, 

so it is possible to monitor cancer spread and migration within the hydrogels. Finally, it will be 

needed that potential biomarkers of cancer migration and invasion released from the spheroid 

to be collected. Therefore, the aims of this chapter are to: 

To improve the microfluidic device design for analysis of pro-metastatic phenotypes in 

spheroids 

• Advance design to allow easier access to microwell 

• Advance design to image spheroids directly on-chip 

• Incorporate hydrogel(s) into microfluidic device and embed spheroids  

• Investigation of potential secreted biomarkers of cell migration/invasion, such as 

VEGF and IL-6 

• Evaluate at cell migration patterns of spheroids on-chip  

5.2  Experimental set up 

5.2.1 Generation 2 spheroid-on-chip device design 

As several limitations were found in the generation 1 microfluidic device design, a second 

device design was constructed with the input of Dr Alex Iles. The advanced microfluidic device 
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was designed with the same geometry as the initial device (generation 1) and was again 

fabricated in Schott B270 glass.  

The main improvement focused on access for spheroid incorporation. An access port (2 mm 

wide and 3 mm deep) was milled directly above the micro-well, allowing for direct pipetting 

and incorporation of spheroids into and out of the micro-well preventing any misshape issues 

or blockages. It would also allow the pipetting of ECM-like matrices and hydrogels into the 

micro-well. Furthermore, to prevent any through flow of spheroids out of the microfluidic 

device, a 70 μm weir was milled at the entrance of the shallow channel. 

To maintain continuous flow of DMEM from the inlet to the outlet, removable transparent poly 

dimethyl siloxane (PDMS) plugs were fabricated and moulded to exactly fit into the hole above 

the micro-well (section 2.9). The material is transparent and would not impede the direct 

imaging of a spheroid within the microwell.  

Similarly, to the first device design, the advanced microfluidic device did not contain a 

threaded inlet or outlet so the same custom-built inlet and outlet coupling interface was built 

and used (same tubing set up as generation 1) as shown in section 2.8  

To test the device for leaks and breakages, Brilliant Blue solution was flowed through as shown 

in section 2.9  

 

5.2.2 Generation 3 spheroid-on-chip device design 

 

The second generation device also had certain issues. The device did not allow the spheroid to 

be imaged as clearly as required when within the microwell. The spheroid was unable to be 

viewed correctly as the rough microwell base was refracting and reflecting light unevenly. 

Therefore, a further improvement on the device was suggested and fabricated. The generation 
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two microwell was completely drilled through, meaning there was an access port above and 

below the microwell. Finally, a borosilicate coverslip was added at the base of the microwell. 

All details are noted in section 2.10.  

5.2.3 Spheroid incorporation 

U-87 MG and MCF7 spheroids (seeded at 2.5 x 104 cells per well) were selected, following the 

successful incorporation of these spheroids into the microwell. The spheroids were grown in 

conditions previously detailed (section 2.3) and carefully pipetted directly into the microwell.  

 

5.2.4 Silanisation and PEG treatment  

Following issues found in the generation 2 device, it was required that the glass surface be 

treated to prevent cell adhesion. To prevent cell adhesion, F108 was selected to be used. It has 

been shown that Pluronic F108 can prevent cell attachment and has been used in previous 

studies within microfluidic devices (Corey et al., 2010; Cheng et al., 2016; Zhang et al., 2018). 

To allow the microfluidic device to bind F108 the glass surface needed to be changed to 

hydrophobic from hydrophilic. The glass surface was chemically modified to change its 

properties using OTS, allowing a PEG tri-copolymer to be added, as detailed in section 2.8. 

To demonstrate whether the silanisation and surface treatment of the glass surface was 

successful in increasing the hydrophobicity, contact angles were measured. The contact angle 

of a water droplet in relation to the glass surface can denote the levels of hydrophobicity present 

(Cras et al. 1999). The contact angles were measured using a droplet of water on multiple 

testing slides. The slide was placed on a shape drop analyser (Kruss, Germany), imaged and 

analysed on the machinery automatically (section 2.8). As F108 PEG tri-co-polymer treatment 

has been shown to lead to decreased cell adhesion (Corey et al. 2010), the treatment needed to 

be evaluated prior to adding it to microfluidic devices. Four slides were chosen to test as shown 
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in section 2.9. MCF7 and U-87 MG cell suspensions were pipetted over the top of the slides 

before being imaged on a microscope (Zeiss, Germany) in random locations over the slide. 

Silanisation within a microfluidic device 

To silanise and surface treat the microfluidic devices, OTS and F108 was also used. In brief a 

1% v/v OTS solution was prepared and flowed in by hand using glass syringes. The solution 

was further flowed and left within the devices to incubate for 20 mins before F108 was 

incubated within the microchannels for 12 h overnight.  

The following day, water was added to the device microchannels at a variable flow rate, mainly 

driven by gravity at 9.81 m s-1. Upon successful water flow within the microchannels, the 

devices were observed be eye to have a water-air interface and therefore the device was 

immediately imaged on a microscope (Ziess, UK). 

5.2.5 Hydrogel incorporation into the microfluidic devices 

Several hydrogels and ECMs were chosen for this study; Collagen, Fibronectin, Matrigel and 

Gelatin. These hydrogels have been previously used for migration and invasion assays (Vinci 

et al, 2013). Prior to hydrogel incorporation, the microfluidic device was cleaned, and air 

flushed from the channels or microwells. Hydrogels were added to the microwell through 

pipetting as described (see section 2.9.4). The microwell was then imaged on a microscope at 

5x magnification (Zeiss, Germany). Brilliant blue solution was flowed into the device to test 

whether the hydrogel was incorporated successfully. Brilliant blue solution was used as it was 

easily identifiable and was able to stain the hydrogels, allowing the user to know its location.  

 

5.2.6 Evaluation of Spheroid viability  

Spheroids were incorporated into the microfluidic devices through direct pipetting into the 

microwell. Viability was evaluated in situ using the FDA/PI life/dead assay, as detailed in 
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section 2.4. Fluorescence quantification was performed on the images using ImageJ analysis 

software.  

5.2.7 Evaluation of metastasis potential  

Spheroids were added to the hydrogels within the microfluidic device microwell via direct 

pipetting. In order to evaluate cell migration and invasion in situ, the device was imaged at 24, 

48 and 72 h. Migration and invasion was quantified for the total spheroid area over time, and 

its relative change using ImageJ analysis software. Sandwich ELISA for VEGF and IL-6 were 

used to quantify secreted factor presence in the effluent, as markers of metastatic potential (see 

section 2.5).  
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5.3 Results 

 

5.3.1 Design and validation of Generation 2 spheroid-on-chip device 

 

As noted in Chapter 4, several issues were found in the generation 1 microfluidic device design. 

Firstly, although it was possible to incorporate spheroids into the generation 1 device, allowing 

continuous prefusion of media and collection of effluent, the device lacked the ability to 

directly image the spheroids whilst on the microfluidic device. Secondly, the generation 1 

device did not allow the collection of intact spheroids at the end of the experiment. Thirdly, 

there was the risk, for several cell lines, of the spheroids becoming entrapped, lost, or 

disaggregated during incorporation into the micro-well. This led to a decision not to pursue 

with the use of these for future experiments, and improve on its design, especially regarding 

spheroid incorporation and recovery. 

Taking these limitations into account, a new design was proposed and constructed Dr Alex Iles. 

The generation 2 microfluidic device was designed with the same geometry as generation 1 

and again fabricated in Schott B270 glass. However, a 70 μm weir was milled at the entrance 

of the shallow channel, to prevent any through flow of spheroids out of the microfluidic device. 

An access port was also milled directly above the micro-well, to allow direct pipetting of 

spheroids into and out of the micro-well, pipetting of ECM-like matrices and hydrogels into 

the micro-well, as well as direct imaging of the micro-well. Removable transparent poly 

dimethyl siloxane (PDMS) plugs were fabricated and moulded to exactly fit into the hole above 

the micro-well to prevent leakage of the microfluidic device.  

The generation 2 microfluidic device design is seen as a schematic (Figure 5.1a), as a cross 

sectional side profile (figure 5.1b) and as a photo (figure 5.1c).  
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Figure 5.1: Generation 2 microfluidic device panel image (schematic, cross sectional 

drawing and photo) 

Generation 2 microfluidic device schematic used for CNC milling purposes (in mm) (A), 

Generation 2 microfluidic device cross sectional drawing with an example spheroid in the 

micro-well and a grey PDMS plug with arrows denoting the removability of it (B) and a photo 

from above with brilliant blue dye flowing from the deep channel, through the micro-well and 

into the shallow channel. Scale bar represents 5 mm.  

A) 

B) 

C) 
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5.3.2   Silanisation and glass surface treatment 

To prevent MCF7 and U-87 MG spheroids from breaking and becoming fragmented, as was 

seen in the generation 1 microfluidic device, the microfluidic device was silanised. Silanisation 

is the process of altering the glass properties, in this example from being a hydrophilic surface 

to a hydrophobic one. Once the glass was silanised it was coated with F108; to prevent the cells 

adhering to the glass surfaces. The cells were therefore unlikely to become unattached from the 

spheroid due to the microfluidic device material property. To demonstrate whether the 

silanisation and surface treatment of the glass surface were successful in increasing 

hydrophobicity, contact angles were measured. A glass slide untreated was used as a 

hydrophilic control, and a p-nitrile surface was used as a hydrophobic control. Three further 

conditions on microscope slides were tested: untreated slide; silanised slide (treatment with 

OTS alone); silanised slide with F108 treatment. The results in Figures 5.2 (example of the 

water droplets, and the contact angle results, respectively) show that the droplet of water on 

the untreated hydrophilic microscope slide is flat and has a high contact angle. This shows that 

the water is attracted to the glass surface (Figure 5.2). The water droplet on the OTS treated 

slide is dome-like in shape, with a lower contact angle (approximately 90o) than the untreated 

slide (Figure 5.3). This indicates that the silanisation has altered the glass hydrophobicity from 

being hydrophilic to hydrophobic. In the slide silanised and treated with F108, the dome shaped 

water droplet is still observed, but the contact angles are 14 degrees larger than when the glass 

slides are treated with OTS alone (Figure 5.3). This data shows that although the slides treated 

with F108 remain hydrophobic, they are less so than silanisation alone.  

5.3.2.1 Silanisation confirmation within microfluidic devices 

Upon confirmation of the successful silanisation and surface treatment of microscope slides, 

the microfluidic device microchannels were also treated in the same manner described in 

section 2. In brief a 1% v/v OTS solution was prepared and flowed in by hand using glass 
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syringes. The solution was further flowed and left within the devices to incubate for 20 mins 

before F108 was incubated within the microchannels for 12 h overnight.  

The following day, water was added to the device microchannels at a variable flow rate, mainly 

driven by gravity at 9.81 m s-1. Upon successful water flow within the microchannels, the 

devices were observed be eye to have a water-air interface and therefore the device was 

immediately imaged on a microscope (figure 5.4).  

The images captured were then used to measure contact angles at the upper and lower junctions 

that water met the microchannel edge. These angles mirrored what was seen in the glass slide 

surface test. The contact angles of the water and microchannel edge was lower than 90 degrees. 

With the average angle across at least 4 devices being 85 degrees. This angle value is lower 

than the values found for the glass slides treated with OTS and F108, and similarly lower than 

the hydrophilic glass slide control previously used. The values denote that the microfluidic 

devices had their glass microchannel surfaces successfully treated from hydrophilic to 

hydrophobic (figure 5.5).  

5.3.3 Testing of cell adhesion to F108 surfaces 

The efficacy of F108 treatment needed to be determined prior to implementation in the 

microfluidic devices. Three microscope slides; one untreated, one polylysine-treated (which is 

known to promote better cell adhesion), and one silanised slide treated with F108 were placed 

in a tissue culture dish.  
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Figure 5.2: Representative images of water droplets used to measure contact angles on 

microscope slides after various surface treatments 

Hydrophilic glass control slide with droplet of water (A) with example contact angle 

measurement, hydrophobic nitrile control with droplet of water (B), glass microscope slides 

with a droplet of water after being immersed in OST solution (C) and glass microscope slide 

with a droplet of water after being immersed in OTS solution and F108 for 24 h (D). Treatments 

were performed as noted in section 2.8.  Images were obtained in using shape drop analyser 

(Kruss, UK). Scale = 1 mm. n=4 experimental repeats. 
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Figure 5.3: Contact angle hydrophobicity histogram 

Histogram represents the average of contact angles measurements of at least four droplets of 

water on each of the three testing condition glass slides. In brief, 20 μl droplets of water were 

pipetted onto three differently treated glass microscope slides. The first slide was an untreated 

slide, naturally hydrophilic (UT). The second slide was a glass microscope treated with OTS 

only (OTS only). The third microscope slide was silanised with OTS and then incubated with 

F108 overnight (OTS + F108). Significance in differences between averages was determined 

using a 2 Way ANOVA. P *=<0.05, **=<0.01, ***=<0.001, ****=<0.0001. n=4 experimental 

repeats.  

 Untreated  OTS only       F108+OTS 
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Figure 5.4: Representative images of water flowing within the microfluidic device 

microchannels. The water and glass angle was used to measure contact angles to prove 

surface treatments 

Microfluidic devices (a, b and c) with water flowed in by hand to show that glass surface 

treatment has worked. The devices were immersed in OTS solution and F108 was added. 

Contact angles between the waters leading edge and microchannel edge were measured using 

computer software Treatments were performed as noted in section 2.8. Scale = 200 μm. n=4  
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Figure 5.5: Contact angle hydrophobicity histogram 

Histogram represents the average angle degree of contact angles measurements of water and 

the microchannel edge, at, at least eight sites on four different devices. The devices were 

silanised with OTS and then incubated with F108 overnight (OTS + F108). The measurement 

is compared to a hydrophilic glass control. Significance in differences between averages was 

determined using a 2 Way ANOVA. P *=<0.05, **=<0.01, ***=<0.001, ****=<0.0001. n=4. 
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Figure 5.4 shows the results. The results (figure 5.4) show that both cell lines (U-87 MG and 

MCF7) adhere and form monolayers on tissue culture plastic, untreated slides and poly-L-

Lysine slides as expected (Figure 5.4). However, supporting the observations seen in the 

previous reports, a monolayer is not observed in the silanised F108 coated glass (Figure 5.4). 

These results validate the silanisation and F-108 treatment, and proves it is suitable to treat the 

microfluidic devices, so that cells are unable to adhere to the glass base. 

5.3.4 Imaging and spheroids viability assessment in generation 2 device 

Figure 5.7 and 5.8 shows spheroids are difficult to visualise, with the extremity of the mass not 

in focus like spheroids would be in standard tissue culture plastic. The spheroids appear to be 

a black mass, like the photos seen within the microwell in the generation 1 microfluidic device. 

Both magnifications, 5 x and 10 x, do not allow the spheroids to be clearly seen at the cellular 

detail. It is possible that this is due to the milling process. The glass microwell surface is rough 

due to milling and this could cause the light to refract and reflect internally resulting in the 

microscope not being able to focus on the spheroid cells, furthermore, the thickness of the glass 

base (1mm thick) below the microwell may also be an issue for the instruments. However, the 

Zeiss axio microscope used to image the microfluidic device has a focal length of 11mm at 5 

x magnification, suggesting that the glass thickness is not the issue. Therefore, it is more likely 

that the milling process is causing the poor clarity images as shown above.  

5.3.5 Staining pre-silanisation 

To overcome this issue, FDA /PI staining on chip was conducted. FDA/PI staining would 

negate the issue of the glass reflecting and refracting the light internally within the microwell, 

as the cells are fluorescently labelled, not requiring reflected like, and would also allow the 

assessment of spheroid viability directly within the microwell. FDA/PI staining was conducted 

on the generation 2 microfluidic device on U-87 MG and MCF7 spheroids (2.5 x 10 4) and  
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Figure 5.6: MCF7 monolayer formation on microscope slide using different surface 

treatments 

MCF7 (2.5 x 10 4) monolayers were formed on four testing conditions surfaces - Untreated 

tissue culture plastics (A), an untreated glass microscope slide (B), polylysine glass microscope 

slide (C) OTS and F108 coated glass microscope slide the glass slide (D). Scale bar represents 

100 µm. n=3 experimental repeats. 
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Figure 5.7: U-87 MG spheroids within a generation 2 microfluidic device 

U-87 MG spheroids (2.5 x 104) were formed following the protocol outlined previously and 

were incorporated into the microwell of the generation 2 microfluidic device via direct 

pipetting. The spheroids were imaged on a Ziess microscope using brightfield settings at 5 x 

magnification. Minimum of N= 3. Scale bar = 200 μm. 

  

b) 
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Figure 5.8: MCF7 spheroids within a generation 2 microfluidic device 

MCF7 spheroids (2.5 x 104) were formed following the protocol outlined previously and were 

incorporated into the microwell of the generation 2 microfluidic device via direct pipetting. 

The spheroids were imaged on a Ziess microscope using brightfield settings at b) 5 x 

magnification and 10 x magnification in a). Minimum of N= 3. Scale bar = 200 μm. 

 

  

a) 

b) 
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Figure 5.9 shows the results. It is possible to observe that, although staining on chip was 

observed, there were clear issues. The spheroids were disintegrated throughout the microwell 

and into the channels. This is possibly due to the rough channel surface as detailed before. The 

spheroid may have adhered to the microwell base and therefore were disintegrated during the 

FDA/PI staining process. Interestingly, there is very small evidence of PI staining within Figure 

5.9. This could be explained through the staining process. If there were dead cells present, it 

would be possible that these cells were detached to the spheroid mass, meaning they were 

potentially washed away during the staining protocol.  

5.3.6 Spheroid viability on a silanised and F108 treated generation 2 device 

An adapted staining procedure was performed by staining the spheroids directly above the 

microwell. This was performed only using FDA solution, purely to demonstrate the spheroid 

location within the microwell. Figure 5.10 shows the results of the FDA stained MCF7 

spheroids after 48 h within the silanised and treated generation 2 microfluidic device. The 

results show that spheroids can be stained within the device and can be done over a period of 

at least 48 h. However, the results still demonstrate the difficulties of the staining procedure. 

The spheroids appear misshapen to the off chip models. The spheroids FDA/PI staining was 

further amended, and figure 5.11 shows this. The results show the spheroids structure from the 

microfluidic device, the spheroids are more intact and representative of the off chip models 

structure. With the possibility to quantify the fluorescence intensity over unit area, which is 

shown in the histogram on figure 5.12. FDA fluorescence is higher on-chip being 50% better 

than the off-chip control, whilst PI fluorescence is 50% lower on-chip than off chip. Indicating 

more live cells and less dead cells on-chip. 

Therefore, the microfluidic devices were all silanised to help maintain the spheroid structure 

whilst in the microfluidic device.  
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Figure 5.9: Example MCF7 spheroids within the generation 2 microfluidic device (a&b) and 

an off-chip spheroid (c) stained with FDA and PI solution  

 

MCF7 (2.5 x 10 4) spheroids were incorporated into a generation 2 microfluidic device and 

perfused for 72 h with DMEM set at 3μl/min before being stained with FDA PI solution (a & 

b). An off chip MCF7 spheroid was stained with FDA PI solution (c). The first image shows PI 

staining, followed by FDA and finally a merge. All spheroids were imaged on a Zeiss 

microscope at 5x magnification using FITC and Texas Red filters. Scale bar = 200 μm. n=3 

experimental repeats.  

 

  PI     FDA    Merge 
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Figure 5.10: FDA stained MCF7 spheroids at a) 24 h and b) 48 h within a silanised 

generation 2 device 

 

MCF7 spheroids (2.5 x 104) were incorporated into two silanised and F108 treated generation 

2 microfluidic devices and perfused for 24 h (a) and 48 h (b) with DMEM set at 3μl/min before 

being stained with FDA solution to demonstrate location within the microfluidic device. The 

spheroids were imaged on a Zeiss microscope at 5x magnification using FITC filters, to show 

presence within the microwell. N= 3 Scale bar = 200 μm   
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Figure 5.11: Representative images of FDA-PI stained MCF7 spheroids on-ship (silanised 

microfluidic device) vs off-chip  

Representative FDA PI stain images of MCF7 spheroids (2.5 x 104 cells per well) at 72 h. (a) 

Spheroid on-chip; incorporated into a silanised microfluidic device for 72 h and subsequently 

removed for staining (b) off-chip spheroid. Red fluorescence represents PI incorporation, 

green fluorescence represents FDA incorporation. Scale bar represents 200 μm. n=3 

experimental repeats.  
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Figure 5.12: FDA PI fluorescent quantification histograms of spheroids comparing control 

vs silanised microfluidic device 

 

Histograms show the average levels of FDA- and PI- associated fluorescence as a unit of 

intensity over area in spheroids off-chip (control) and spheroids incorporated to a silanised 

microfluidic device. Fluorescent intensity over area denotes the strength of signal produced 

from both FDA and PI greyscale images per area of the spheroid. Raw intensity of original 

grey scale images of the two conditions at 72 h is plotted over area. Error bars represent 

standard error of n=3. No significance was found using two way ANOVA.  
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5.3.7 Design and validation of Generation 3 spheroid-on-chip device 

The second-generation device, although an improvement upon on the first design, still resulted 

in one problem: the device did not allow the spheroid to be imaged as clearly as required, which 

was a desired feature for analysis of cell migration from spheroids embedded in hydrogels.  

Therefore, the design of the generation 2 device was improved upon, in order to allow clear 

visualisation of spheroids in the micro-well on chip. The upgraded design was again developed 

with the help and support of Dr Alex Iles. The device for generation three was designed with 

the same geometry as the generation two device and was again fabricated in Schott B270 glass. 

However, the microwell was complete drilled through, leaving a cylindrical access port (2 mm 

wide x 3 mm deep) through the device. A borosilicate glass coverslip was thermally bonded to 

the base to allow better clarity and imaging of the spheroids when inside the device. The 

generation 3 microfluidic device design is seen as a schematic (Figure 5.13a) and as a cross 

sectional side profile (figure 5.13b). 

5.3.8  Spheroid incorporation  

Following the fabrication of the generation 3 device, spheroids needed to be incorporated into 

it. The spheroids were added to the microwell via direct pipetting and figures 5.14/15 shows 

examples of the microfluidic device with spheroids within. The images show the spheroids at 

t=0, immediately after incorporation. The images show clear well defined spheroid masses 

within the microwell. The cells at the spheroid edge are clear and reflect the images able to be 

taken in an off chip model. The addition of a borosilicate base under the microwell allows the 

spheroid images to be clear, due to the smooth surface. Following confirmation of the clear 

spheroid images, the spheroids needed to be assessed for migratory and invasive capabilities. 

To do this the spheroids needed to be embedded within or lay over hydrogels, therefore 

hydrogel incorporation into the generation 3 microfluidic device was tested.  
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Figure 5.13: Generation 3 microfluidic device panel image (schematic and cross sectional) 

Generation 3 microfluidic device schematic used for CNC milling purposes a), Generation 3 

microfluidic device cross sectional drawing with an example spheroid in the micro-well and a 

grey PDMS plug with arrows denoting the removability of its b). The microwell base features 

a borosilicate glass coverslip bounded to the glass of the overall device. This allows direct 

better viewing of the spheroid mass.  
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Figure 5.14: U-87 MG spheroids within a generation 3 microfluidic device  

U-87 MG spheroids were seeded at 2.5 x 104 cells per well as previously detailed. The 

spheroids were directly pipetted in the borosilicate coverslip base microwell before being 

images at 5 x on a Ziess microscope under brightfield settings. a and b) U-87 MG spheroids. 

Scale bar represents 200 μm. N=3 experimental repeats   
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Figure 5.15: MCF7 spheroids within a generation 3 microfluidic device  

MCF7 spheroids were seeded at 2.5 x 104 cells per well as previously detailed. The spheroids 

were directly pipetted in the borosilicate coverslip base microwell before being images at 5 x 

on a Ziess microscope under brightfield settings. a and b) MCF7 spheroids. Scale bar 

represents 200 μm. N= 3 experimental repeats  
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5.3.9  Hydrogel incorporation into the microfluidic device 

Four hydrogels, fibronectin, Matrigel, collagen, and gelatin were tested for incorporation into 

a generation 3 microfluidic device. The hydrogels were formed and directly pipetted into the 

microwell before being left to set. Initially the hydrogels flooded through the microchannels 

and did not remain within the microwell as required, and examples of this unsuccessful 

incorporation can be seen in figures 5.16, 17 and 18. The method used here does not allow the 

through flow of medium as the hydrogels were blocking the passage of the channels. Moreover, 

the spheroids would not be able to be incorporated under these conditions as they would not be 

able to be continually perfused with media. Therefore, the method was amended by flushing 

the channels with medium first, prior to pipetting the hydrogels within the microwell. Examples 

of these can be seen in figure 5.17, where it is possible to see that the gelatin, Matrigel, and 

collagen hydrogels were successfully added to the generation 3 microfluidic device. 

Fibronectin was unsuccessful in its addition to the device, resulting in its flooding into the 

microchannels.  

Following the addition of hydrogels, it would then be possible to add spheroids within the 

microwell to test the migrative and invasive capabilities of cancer spheroids. Following the 

incorporation of the hydrogel into the microwell, the viability of spheroids could be tested 

through FDA PI staining.  

5.3.10 Spheroids viability assessment in the generation 3 microfluidic device 

 

To assess spheroid viability within the generation 3 microfluidic device, the FDA/PI assay was 

conducted as before. The spheroids were stained within the microfluidic device following the 

adapted method used within the generation 2 device. Similarly, off chip controls were also 

used. Figure 5.19 shows an example of the spheroids stained on chip and the Figure 5.20 shows 

summary of the quantified values.   
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Figure 5.16: Hydrogel problems with incorporation within a generation 3 microfluidic 

device- fibronectin, Gelatin and Matrigel 

Hydrogels were formed as previously detailed and were directly pipetted in the borosilicate 

coverslip base microwell before being images at 5 x on a Ziess microscope under brightfield 

settings, black arrows denote hydrogels and white arrows denote microwell location a) 

fibronectin b) gelatin stained with brilliant blue caught within the microchannel and c) 

Matrigel. Scale bar = 1 mm. n=3   
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Figure 5.17: Successful hydrogel incorporation within a generation 3 microfluidic device  

Hydrogels were formed as previously detailed and were directly pipetted in the borosilicate 

coverslip base microwell before being images at 5 x on a Ziess microscope under brightfield 

settings. a) gelatin stained with brilliant blue successfully placed and held within the microwell 

b) evidence of gelatin set within the microwell and not microchannel c) Matrigel successfully 

set within the microwell.  White scale bar = 1 mm, black scale bar = 2 mm. n=3  
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Figure 5.18: Representative images of FDA-PI stained U-87 MG spheroids on-chip 

(generation 3 microfluidic device) 

Representative FDA PI stain images of U-87 MG spheroids (2.5 x 104 cells per well) at 72 h. 

a) Spheroid on-chip spheroid with FDA and PI greyscale images b) Spheroid on-chip spheroid 

with FDA and PI greyscale images to demonstrate variability between repeats c) control off-

chip spheroid. Red fluorescence represents PI incorporation, green fluorescence represents 

FDA incorporation. Scale bar represents 200 μm. n=3 experimental repeats. 

  

 

          MERGE    FDA     PI 
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Figure 5.19: FDA PI fluorescent quantification histograms of spheroids comparing control 

spheroids vs generation 3 microfluidic device spheroid 

Histograms show the average levels of FDA- and PI- associated fluorescence as a unit of 

intensity over area in spheroids off-chip (control) and spheroids incorporated to a generation 

3 microfluidic device. Raw intensity of original grey scale images of the two conditions at 72 

h is plotted over area. Error bars represent standard error of n=3. Two way ANOVA showed 

significance between FDA and PI in both conditions.  
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Figure 5.19 shows unexpected results. It shows that FDA (green) fluorescence intensity is 

higher in on-chip spheroids, being 46% higher than the off-chip spheroids. Indicating there are 

more cells live and viable than the off-chip models. However, the level of red fluorescence is 

also higher in the on-chip spheroids, being 8% of the off-chip spheroids. It is noteworthy 

however, there are large levels of variability between the fluorescent images. Figure 5.18 shows 

examples. Overall the results demonstrate that there are a large portion of cells which are alive 

and viable in the generation 3 microfluidic device. When compared to the previous two designs 

it shows that all devices are comparable to one another in terms of live and dead cells, with the 

generation 3 device having 5% higher portion of live cells over generation 1 and 2. Shown in 

Figure 5.20. Moreover, these results demonstrate that the microfluidic device allows spheroids 

to remain viable for at least 72 h and that investigations into cancer spread and migration within 

the device can be conducted. 

5.3.11 Evaluation of metastasis potential on chip: markers of cancer spread in effluent 

 

As previously detailed (Chapter 3) VEGF is critical in the migration and invasion of cancer in 

in vivo conditions, due to its promotion of angiogenesis and the release of proteolytic enzymes, 

such as MMPs (Lee et al., 2005; Egginton, 2011 Saharinen et al., 2011; Roberts et al., 2013; 

Vempati et al., 2013). Therefore, as for the generation 1 device, VEGF secretion within effluent 

of three conditions was assessed to represent an analogue of cancer spread and migration. To 

better replicate cancer migration and spread within in vivo conditions, ECM-like matrices type 

I collagen and Matrigel were incorporated into the device. These hydrogels were used as they 

replicate the basement membrane within mammals and closer resemble the natural tumour 

environment. The levels of VEGF secretion were quantified on the effluent of three conditions: 

off chip spheroids, on chip spheroids, and monolayers. All of these were tested for Matrigel, 

collagen, and media alone. Figure 5.21 shows the results of the ELISA on MCF7 cells and  
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Figure 5.20: FDA PI fluorescent quantification histograms of spheroids, comparing 

generations 1, 2 and 3 microfluidic devices to one another  

Histograms show the average levels of FDA- and PI- associated fluorescence as a unit of 

intensity over area in spheroids incorporated within a generation 1, 2 and 3 microfluidic 

devices. Raw intensity of original grey scale images of the two conditions at 72 h is plotted 

over area. Error bars represent standard error of n=3. Two way ANOVA showed no 

significance between FDA and PI in both conditions.   



233 | P a g e  
 

 

 

                  

off chip On chip

0

500

1000

1500

V
E

G
F

 p
g

/2
.5

 x
 1

0
4

Media

Collagen

Matrigel

****

 

Figure 5.21: Comparison of VEGF secretion between 3D off-chip and 3D-on chip models at 

72 h 

MCF7 spheroids (2.5 x 104 cells per well) were formed. 3mg/ml of type I collagen, Matrigel 

and media alone was added to a generation 3 microfluidic device and ULA plate, on three 

separate occasions. Before one spheroid was incorporated into a generation 3 microfluidic 

device, and other spheroids were placed in a ULA plate. 200μl of media was collected at 72 h 

from the ULA plate spheroids. All 4.32 ml of media was collected every 24 h from the spheroid 

on a microfluidic device condition. The 72 h media was analysed for VEGF secretion using a 

VEGF ELISA. Histograms represent the media from n=3. Error bars are SE and two-way 

ANOVAs were performed to test for statistical significance. P *=<0.05, **=<0.01, 

***=<0.001, ****=<0.0001. 
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spheroids. Here, it can be observed that VEGF levels were similar in conditioned media from 

the cell monolayer between each hydrogel and media alone. Similarly, no differences in VGEF 

levels are observed in conditioned media for the off-chip spheroid condition. Moreover, the 

VEGF levels in conditioned media for the monolayer and off-chip media and collagen 

conditions (Figure 5.21). VEGF levels in the effluent from spheroids in generation 3 

microfluidic embedded in collagen are also comparable to the monolayer and off chip 

conditions. 

Two interesting observations are the levels of VEGF secretion within the effluent from the 

generation 3 device when the spheroids are present within media alone and Matrigel. Firstly, 

when in Matrigel and within the device, VEGF secretion is increased to 1100 pg in comparison 

to the monolayer and off chip spheroid. Being 175% and 89% higher in the on-chip condition 

respectively. Whilst the VEGF secretion within the device in media alone is 165% and 150% 

higher in comparison to the monolayer and off chip conditions respectively.  

5.3.11.1 IL-6 ELISA 

A second ELISA was conducted to look at another marker of cellular spread and migration, 

IL-6. The IL-6 ELISA mirrored the VEGF ELISA, where ECM like matrices were included 

into the testing conditions, namely type I collagen and Matrigel. The levels of IL-6 secretion 

were tested within the effluent of three conditions, off chip spheroids, on-chip spheroids and 

monolayers, all of which were tested within Matrigel, collagen and media alone. Figure 5.22 

shows the results of the ELISA. IL-6 expression is increased in all off chip spheroid conditions, 

as well as all on chip at every time point in comparison to the monolayers. The off chip static 

spheroids have higher IL-6 expression when in media, collagen and Matrigel, with the Matrigel 

being statistically significant, than the monolayer counterparts, something which was expected. 

Interestingly, when comparing the off chip IL-6 expression to on chip, it is seen that IL-6 is  
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Figure 5.22: Comparison of IL-6 secretion between 2D monolayer and 3D-on chip models 

MCF7 spheroids and monolayers (2.5 x 104 cells per well) were formed. 3mg/ml of type I 

collagen, Matrigel and media alone was added to a flat bottom plate and ULA plate, on three 

separate occasions. Spheroids were placed in a ULA plate, and the monolayers in a flat bottom 

plate. 200μl of media was collected at 72 h from the monolayers and ULA plate spheroids. The 

72 h media was analysed for IL-6 secretion using an IL-6 ELISA. Histograms represent the 

media from n=3 in duplicate. Error bars are SE and two-way ANOVAs were performed to test 

for statistical significance. P *=<0.05, **=<0.01, ***=<0.001, ****=<0.0001. 
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Figure 5.23: Comparison of IL-6 secretion between 3D off-chip and 3D-on chip models 

MCF7 spheroids (2.5 x 104 cells per well) were formed as previously detailed. 3mg/ml of type 

I collagen, Matrigel and media alone was added to a generation 3 microfluidic device and 

ULA plate, on three separate occasions. Before one spheroid was incorporated into a 

generation 3 microfluidic device and other spheroids were placed in a ULA plate. 200μl of 

media was collected at 24 h from the ULA plate spheroids. All 4.32 ml of media was collected 

every 24 h from the spheroid on a microfluidic device condition. The 72 h media was analysed 

for IL-6 secretion using an IL-6 ELISA. Histograms represent the media from n=3 in duplicate. 

Error bars are SE and two-way ANOVAs were performed to test for statistical significance. P 

*=<0.05, **=<0.01, ***=<0.001, ****=<0.0001. 
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increased across all conditions on chip. The media IL-6 expression is higher, but so are the 

collagen and Matrigel, the latter two being statistically significant. VEGF secretion is higher 

on chip in the media only condition. Following the promising data of increased secretion of 

pro-metastatic markers in the on-chip model, a phenotypical analysis on-chip on the generation 

3 device for evaluation of cell migration and invasion was performed. 

5.3.11.2   Evaluation of metastasis potential on chip: cell migration and invasion in situ 

 

To further investigate the ability of cancer spheroids to migrate and invade the local 

environment, direct imaging of spheroids on hydrogels was assessed. One of the objectives of 

this project was to investigate whether cells had a higher rate of migration or invasion on chip 

in comparison to the off chip models. U-87 MG, MCF7 and MDA-MB-231 spheroids (2.5 x 

104) were formed and placed within media alone, collagen and Matrigel conditions. To 

demonstrate the invasive capabilities of the spheroids, spheroids were stained using FDA to 

highlight the invasive cell front in Matrigel after 72 h. From figure 5.24 it is possible to see 

that in 10 mg/ml of Matrigel MCF7 spheroids do not have any cells that are shed from the 

primary mass over 72 h. Likewise figure 5.24b and c show off-chip U-87 MG and MDA-MB-

231 respectively. The spheroids both show clear masses of cells migrating away from the 

primary mass. The MDA-MB-231 spheroid is smaller than the other cell line spheroids but 

shows single cell and single cell aggregates surrounding the primary mass. Whilst the U-87 

MG spheroid shows cells invading from the primary mass, where the cells appear to be attached 

to the primary mass and elongated in appearance. Overall these observations support the results 

seen in the literature and those previously shown within this report. Figure 5.25 shows an on-

chip MCF7 spheroid within the microfluidic device. It demonstrates that the spheroid does not 

readily migrate and spread.  
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Figure 5.24: Brightfield and FDA stained spheroids to demonstrate migration and invasive 

capabilities 

U-87 MG a) MCF7 b) MDA-MB-231 c) spheroid (2.5 x 104 cells per well) migration 

capabilities in Matrigel. Spheroids (2.5 x 104 cells per well) were formed as previously detailed. 

Matrigel added to a generation 3 microfluidic device and a ULA plate. Before one spheroid 

was incorporated into a generation 3 microfluidic device and other spheroids were placed in 

a ULA plate with Matrigel. The spheroids were stained with FDA at 72 h (third column) and 

imaged at 5 x magnification on a Ziess microscope using FITC settings to demonstrate the 

levels of cellular spread across different cell lines. First column is an on-chip spheroid, second 

is an off-chip spheroid, third is off-chip spheroid stained with FDA at 72 h. Scale bar = 200 

μm. n=3 in triplicate.   

 

On-chip     Off-chip   Off-chip 
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Therefore, to assess the migratory potential within the microfluidic device U-87 MG spheroids 

were used. U-87 MG spheroids were used to test the migrative and invasive capabilities of 

cancer models within the generation 3 microfluidic device. Matrigel and collagen was added 

to the microwell (on separate occasions) before a U-87 MG spheroid was placed within the 

hydrogel and relevant off chip controls were also used. The spheroids were imaged over 72 h, 

and the results are shown as representive images below (two Matrigel examples, figure 5.25 

and 5.26) and as a histogram (Figure 5.27). These data demonstrates that the spheroids are able 

to be incorporated into the device and migration fronts imaged in situ overtime. The 

representative images show that the spheroids appear to have a migratory front of cells, which 

over time appear to increase throughout the mass over time. These observations support the 

results shown previously (chapter 3, section 4.6) and observations of U-87 MG cells ability to 

migrate. From the histograms, it is possible to see that U-87 MG spheroid invasion in Matrigel, 

is the lowest in the media and on-chip conditions at 24 h. Being 20% less than the static 

spheroids (off-chip). Whilst at 48 h, the on-chip spheroid has 20% increased invasion over the 

media alone conditioned spheroid. Finally at 72 h, the highest invasion is seen in the static 

spheroid (off-chip) over the on-chip and media alone condition, being 100% higher than both. 

At 24 and 48 h, the migration rate is the highest in the on-chip spheroid, being 100 % more 

than the off-chip spheroid and monolayer. Similarly this increased migration rate is reflected 

at 72 h, where the on-chip spheroid shows 76% and 46 % more migration than the monolayer 

and off-chip spheroid respectively.  

Importantly, the invasion and migration analysis on Matrigel between conditions shows that 

the on chip models are comparable to the off chip (static) conditions and have higher migration 

rates than the monolayer conditions. Furthermore, the microfluidic models demonstrate it is 

possible to assess migration and invasion on chip and off chip.  
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Figure 5.25: U-87 MG spheroids within a generation 3 microfluidic device with Matrigel 

over 72 h (example 1) 

U-87 MG spheroids were seeded at 2.5 x 104 cells per well as previously detailed. 10 mg/ml 

Matrigel was added to the microwell within the generation 3 device before the spheroids were 

directly pipetted in the borosilicate coverslip base microwell. The images were taken over 72 

h at 5 x on a Ziess microscope under brightfield settings at a flow rate of 3μl/min. a) 0 h, b) 24 

h, c) 48 h d) 72 h. Scale bar represents 200 μm. n=3 in duplicate 
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Figure 5.26: U-87 MG spheroids within a generation 3 microfluidic device with Matrigel 

over 72 h (example 2) 

U-87 MG spheroids were seeded at 2.5 x 104 cells per well as previously detailed. 10 mg/ml 

Matrigel was added to the microwell within the generation 3 device before the spheroids were 

directly pipetted in the borosilicate coverslip base microwell. The images were taken over 72 

h at 5 x on a Ziess microscope under brightfield settings at a flow rate of 3μl/min. a) 0 h, b) 24 

h, c) 48 h d) 72 h. Scale bar represents 200 μm. n=3 in duplicate   
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Figure 5.27: Comparison of media and Matrigel migration between 3D off-chip and 3D-on 

chip models 

U-87 MG spheroids (2.5 x 104 cells per well) were formed as previously detailed. 10 mg/ml of 

Matrigel was added to a generation 3 microfluidic device and a ULA plate. Before one 

spheroid was incorporated into a generation 3 microfluidic device and other spheroids were 

placed in a ULA plate with Matrigel and no base (media alone). The spheroids were imaged 

at 0, 24, 48 and 72 h before being imaged at 5 x magnification on a Ziess microscope using 

brightfield settings. Histograms represent the media from n=7 for all conditions. Error bars 

are SE and two-way ANOVAs were performed to test for statistical significance.  
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Figure 5.28: U-87 MG spheroids within a generation 3 microfluidic device with Type II 

Collagen over 72 h (example 2) 

U-87 MG spheroids were seeded at 2.5 x 104 cells per well as previously detailed. 3 mg/ml 

Type II Collagen was added to the microwell within the generation 3 device before the 

spheroids were directly pipetted in the borosilicate coverslip base microwell. The images were 

taken over 72 h at 5 x on a Ziess microscope under brightfield settings at a flow rate of 3μl/min. 

a) 0 h, b) 24 h, c) 48 h d) 72 h. Scale bar represents 200 μm. n=3 in duplicate 
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Figure 5.29: Comparison of Collagen migration between 2D, 3D off-chip and 3D-on chip 

models 

U-87 MG spheroids (2.5 x 104 cells per well) were formed as previously detailed. 3 mg/ml of 

collagen was added to a generation 3 microfluidic device and a ULA plate. Before one spheroid 

was incorporated into a generation 3 microfluidic device and other spheroids were placed in 

a ULA plate with collagen and no base (media alone). The spheroids were imaged at 0, 24, 48 

and 72 h before being imaged at 5 x magnification on a Ziess microscope using brightfield 

settings. Histograms represent the media from n=7 for all conditions. Error bars are SE and 

two-way ANOVAs were performed to test for statistical significance. 
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5. 4  Discussion  

5.4.1   Key findings  

The key findings of this chapter were: a further advancement of the microfluidic device was 

developed well and allowed U-87 MG and MCF7 spheroids to be added within the microwell 

without being disaggregated and broken. However, the spheroids were unable to be imaged 

well. FDA/PI staining did not show an intact spheroid; therefore, the device was silanised and 

a PEG tri-copolymer added to render the surface resistant to cell adhesion. The resistance to 

cell adhesion using the PEG tri-copolymer was confirmed externally to the device, where cells 

were shown not to adhere to a treated surface. FDA/PI staining was further conducted to 

spheroids within a silanised device. This showed that spheroids were viable but again needed 

to be removed from chip. A final advancement to the device was constructed. The final device 

had a coverslip base and allowed hydrogels to be added within. It was shown that both Type I 

collagen and Matrigel were able to be added well and contained within the microwell. FDA/PI 

staining of spheroids then showed that the spheroids were viable and comparable to off-chip 

models, showing good levels of live cell fluorescence. Finally, the effluent was collected from 

three hydrogel conditions on-chip and assessed for VEGF and IL-6. Both ELISAs showed that 

levels were increased in the on-chip conditions than the off-chip counterparts. The spheroids 

were also able to be imaged on-chip and quantified for invasion and migration. Which showed 

that migration was increased on-chip and invasion was comparable to off-chip models.  

The aims of this chapter were: 

To improve the microfluidic device design for analysis of pro-metastatic phenotypes in 

spheroids 

• Advance design to allow easier access to microwell 

• Advance design to image spheroids directly on-chip 

• Incorporate hydrogel(s) into microfluidic device and embed spheroids  
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• Investigation of potential secreted biomarkers of cell migration/invasion, such as 

VEGF and IL-6 

• Evaluate cell migration patterns of spheroids on-chip  

5.4.2 Advance design to allow easier access to microwell 

The advancement of the design to allow easier access to the microwell was achieved. An access 

port, made through milling, was added, resulting in the spheroids being able to be pipetted in. 

This resulted in the spheroids maintaining their structure and integrity. However, upon trying 

to image the spheroids, it was concluded that the device needed to be altered, as the rough 

microwell edge resulted in poor clarity and the spheroids potentially being ripped and 

disaggregated when trying to fluorescently image them.  

5.4.3 Surface treatment 

Therefore, the surface treatment through silanisation and subsequent addition of F108 PEG was 

conducted. The spheroid would therefore likely remain intact as it could not become in contact 

with the rough surface, resulting in a more trustworthy and accurate measure of fluorescence. 

To prevent the adherence of cells to the microfluidic device glass surface, glass modification 

experiments were performed (Tarn 2011), which would be beneficial to both the current and 

future microfluidic device design and functionality (Corey et al. 2010). Silanisation is the 

process of covering (surface treating) a surface (glass) with organofunctional molecules to 

prevent the absorption of solute to glass surfaces, resulting in the increasing of its 

hydrophobicity (Seed 2001). The silanisation step is necessary as F018 can only bind to 

hydrophobic surfaces (Corey et al. 2010). F108 PEG tri co polymer treatment has been shown 

to lead to decreased cell adhesion and has been used in multiple other studies to prevent cell 

adhesion to the surface to allow the formation of spheroids on chip (Corey et al., 2010; Cheng 

et al., 2016; Zhang et al., 2018). To silanise the glass surface OTS was chosen, as it has been 

shown to render the glass surface hydrophobic (Lee and Sung 2005, Tarn 2011).OTS features 
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a silane group with four substituents and a -R group responsible for causing the glass to become 

hydrophobic, the chlorine present reacts with the hexane in the solvent to produce an alkoxy 

silane and hydrochloric acid, meaning the silanizing agent works due to hydrolysis. The 

chlorine (-Cl) present in OTS was used to link the silane to the surface. Following the 

silanisation of the surface, F108 was added to prevent cell adhesion. 

5.4.4   Contact angle measurements  

To confirm the silanisation process worked and F108 surfactant was present, contact angles 

were measured. The contact angle of a water droplet in relation to the glass surface can denote 

the levels of hydrophobicity present (Cras et al. 1999). Therefore, where a contact angle is 

greater than 90o, it indicates a hydrophilic surface. Where it is less than 90o, the surface is 

hydrophobic. The results showed that the surfaces were altered, and these results validate the 

silanisation and F-108 treatment. Proving it is suitable to treat the microfluidic devices. as 

shown by Corey et al and others (Corey et al., 2010; Cheng et al., 2016; Zhang et al., 2018). 

5.4.5 FDA/PI staining on silanised devices 

Following surface treatment, spheroids needed to be assessed for live/dead cells. The results 

demonstrated that the spheroids appeared to be viable at a comparable level to pre-silanised 

devices. Suggesting that although the spheroid structure appears to be more intact after 

silanisation, the silanisation process does not affect the viability of the cells within the 

spheroids when compared to an un-silanised microfluidic device. However, the stain showed 

little PI presence, this could be explained through the staining process itself. If there were dead 

cells present it would be likely that these cells were unbound to the spheroid mass, meaning 

they were potentially washed away during the staining protocol. Therefore, an adaption to the 

protocol was made, allowing a stain to be added from above the microwell. Although the 

treatment was shown to be effective, the spheroids themselves still had poor optical clarity and 

needed to be removed from the device to allow them to be stained and assessed for live and 
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dead cells. It is possible that the poor clarity was due to the milling process. The glass microwell 

surface is rough as was shown previously. This could cause the light to refract and reflect 

internally resulting in the microscope not being able to focus on the spheroid cells, furthermore, 

the thickness of the glass base below the microwell may also be an issue for the instruments, 

meaning that the focusing would not be possible. However, the Zeiss axio microscope used to 

image the microfluidic device has a focal length of 11mm at 5 x magnification, suggesting that 

the glass thickness is not the issue. Therefore, it is more likely that the milling process is 

causing the poor clarity images. The rough microwell would prevent the analysis of spheroid 

and cell migration/invasion on chip in real time through microscopy. To amend this issue, a 

borosilicate coverslip base was thermally bonded to the base of the generation 3 microfluidic 

device. Borosilicate was chosen as this is the material used when IF experiments were 

conducted off chip, offering similar material properties to the Schott B270 glass used to 

fabricate the device.  

5.4.6  Hydrogel incorporation 

After clear spheroid images were confirmed on-chip. Hydrogel incorporation into the 

microfluidic device was critical to replicating the in vivo environment of cancer. This would 

allow the investigation of cancer migration throughout different hydrogels, continuous 

perfusion and different culture techniques. Type I collagen and Matrigel were used as they 

replicate the basement membrane within mammals and closer resemble the natural tumour 

environment, which has been shown previously in other studies. The successful 

implementation of hydrogels into the microwell could be accounted due to the wetting of the 

microwell and channels. This wetting of the surfaces would reduce the capillary action on the 

hydrogels and draw of fluid, due to the hydrophilic nature of the microchannel surfaces. 

Therefore, following the addition of liquid buffer, the hydrogels would be able to remain 

present within the microwell for a period, allowing the gel to set. As detailed Type I collagen 
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and Matrigel were the most suitable ECM-matrices to proceed with. The spheroids were able 

to be clearly imaged, stained and incorporated into the hydrogels and therefore assessments on 

cell migration and invasion were performed as outlined in the final objective of the thesis 

project.  

5.4.7 Assessment of cancer migration on chip 

5.4.7.1 VEGF ELISA 

ELISA for VEGF and IL-6 were used to assess the media from on chip, off chip and monolayer 

conditions. Importantly, to model metastasis and spread potential on chip, VEGF and IL-6 were 

used on chip over other factors. VEGF was chosen as vascular endothelial growth factor is a 

key factor in cancer angiogenesis and vascular-genesis. The four splice variants play critical 

roles in pathways promoting cell survival (PI3K), cell differentiation, migration and 

angiogenesis (Ras) and proliferation (p38MAPK) (Roberts et al., 2013). Furthermore, it 

promotes the secretion of proteolytic enzymes (MMP) which degrade the ECM and basement 

membrane (Vempati et al., 2013). It is also important as active VEGF assists in the proliferation 

and migration of endothelial cells, enabling the formation of immature vasculature (Roberts et 

al., 2013). VEGF is also important as the increased levels of shear stress on chip have been 

shown to be linked to cell remodelling and detachment, specifically in endothelial cells 

(Cezeaux JL  et al., 1991; Egginton, 2011;Roberts et al., 2013). Furthermore, its ability to assist 

in proliferation and migration of endothelial cells and its role in vascularisation demonstrates 

how influential VEGF is in cancer spread and migration (Lee et al., 2005; Egginton, 2011 

Saharinen et al., 2011; Roberts et al., 2013; Vempati et al., 2013). 

The media assessment showed that VEGF was increased in the Matrigel and media on chip 

conditions significantly, whilst the VEGF trend was also higher in collagen than the off chip 

and monolayer conditions. As spheroids contain a region of hypoxia within their central region 

and areas 200μm away from the spheroid edge, then HIF would be induced. This in turn could 
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upregulate expression of VEGF, resulting in the values and trends seen. However, the 

differences are not statistically significant which could potentially account due to the smaller 

levels of hypoxia present within the off chip models in comparison to the monolayer conditions. 

The increase in levels of VEGF seen in the Matrigel testing condition on chip could show that 

the spheroids are moving to a more invasive phenotype, due to the increased levels of shear 

stress, the presence of continued nutrients and waste removal and continuous perfusion. The 

constituent of Matrigel could be interacting with the cells within the spheroids, where more 

MMPs and proteins are being required to break down the ECM matrices, allowing the cells to 

migrate and invade throughout. In the media on chip conditions, VEGF is increased to the 

highest level. It is explainable that VEGF should be increased when the spheroids are in the 

device, as they are coupled with continuous perfusion culture and shear stress. Increased levels 

(but low levels) of shear stress have been shown to be linked to cell remodelling and 

detachment, specifically in endothelial cells (Cezeaux JL  et al., 1991; Egginton, 2011). 

Therefore, the cells could be remodelled to a more invasive and metastatic phenotype under 

shear stress, something which correlates to increased VEGF expression (Roberts et al., 2013). 

Moreover, the cells within the spheroid mass contain regions of hypoxia, and from the 

simulations shown in Chapter 4, areas of the device also contain regions of low oxygen. The 

lower oxygen concentrations within and around the spheroid (hypoxia) will result in VEGF 

being upregulated (Saharinen et al., 2011; Zanoni et al., 2016). However, the extent of the 

VEGF increase on chip, in comparison to the hydrogel condition, namely Matrigel, is 

surprising. It is expected that the VEGF expression should be higher within the Matrigel 

conditions, due to the reasons explained above, but also as VEGF should increase expression 

of proteolytic enzymes and MMPs, causing more VEGF to be upregulated and expressed. It is 

something unexpected, that requires further investigation.  
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5.4.7.2 IL-6 ELISA 

IL-6 expression was investigated as it is a pleiotropic cytokine which is released and 

overexpressed in inflammation through interactions within the NF- κβ and TNF-α pathways. 

IL-6 effects tumour cell survival, proliferation and angiogenesis and is highly expressed in 

several cancers including breast (Ashizawa et al., 2005;Browning et al., 2018). IL-6 can 

stimulate cell growth, increases the expression of Bcl-2 and XL, and survivin, resulting in 

cancer cell survival (Tawara et al., 2011). IL-6 is also releasing during infection and injury. IL-

6 effects bone metabolism and has a strong activity within tumours. IL-6 effects tumour cell 

survival, proliferation and angiogenesis through its interactions and roles in PI3K, JAK and 

MAPK signalling pathways(Ashizawa et al., 2005; Browning et al., 2018). Moreover, IL-6 is 

highly expressed in several cancers including breast, colon, hepatic, ovarian and prostate, all 

through autocrine signalling. It is therefore a clinically relevant prognostic marker (Ashizawa 

et al., 2005; Browning et al., 2018). As stated, it plays key roles in cancer progression and bone 

metastasis. IL-6 can stimulate cell growth and proliferation by activating Raf and MEK. It also 

increases the expression of Bcl-2 and XL, and survivin, resulting in cancer cell survival 

(Tawara et al., 2011). Furthermore, IL-6 is integral in bone metastasis as it can induce RANKL 

production, resulting in STAT-3 and subsequent osteoclast maturation (Tawara et al., 2011). It 

can also inhibit anti-osteoclast activity, resulting in further osteolysis, specifically in breast 

cancer. Furthermore, it has been shown that IL-6 expression is increased in serum of patients 

with bone and breast cancer metastasis, as well as those of a worse prognosis (Ara & DeClerck, 

2010). Breast cancer cells that have metastasised to bone have been shown to overexpress 

CXCR4 ligand, which is thought to direct cells to the bone and other metastatic sites. IL-6 

increases CXCR4 expression in breast cancer cells, and subsequent STAT-3 activation (Tawara 

et al., 2011). Moreover, when within the circulation after intravasation, IL-6 can help protect 

cancer cells from the immune response. IL-6 has inhibitory effects on expression of IL-2, 

resulting in inhibition of immune cells and prevention of immune surveillance on tumour cells. 
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A further example of IL-6’s influence on cancer migration is an increase in IL-6 expression 

also increases VEGF and MMPs, specifically MMP-9. These cause the breakdown of ECM 

and further expression of VEGF (Browning et al., 2018). Finally it has shown that, in breast 

cancer specifically, IL-6 acts as a regulator in estrogen synthesis, contributing to increased 

EMT, cell invasion and migration (Abana et al., 2017). As previously detailed IL-6 is integral 

in bone metastasis inducing RANKL and STAT-3, and can inhibit anti-osteoclast activity, 

specifically in breast cancer. As IL-6 has been correlated with worse patient prognosis and is 

elevated within patients with bone and breast metastasis(Ara & DeClerck, 2010).  

IL-6 was increased in all on chip conditions within each hydrogel. The results could be due to 

cancer cell interactions with the hydrogels, especially Matrigel. This interaction could be 

causing the cells to release components such as MMPs, ADAMs or other enzymes used to 

break down the ECM-like matrices. Henceforth the ECM will be broken down by proteolytic 

enzymes and thus able to release the factors embedded within, such as VEGF, which is at 5.0 

– 7.5 ng/mL (Corning, 2012). The increased levels of VEGF and factors released from the 

ECM matrices would further upregulate MMP expression and act in a positive feedback loop, 

resulting in more VEGF and IL-6 release, being shown in the ELISAs. The increase in 

expression in Matrigel is expected as breast cancer cells over express IL-6 naturally (Abana et 

al., 2017). Therefore, the genetic and protein profile in spheroids are more like in vivo tumours 

(Weiswald et al., 2015) and therefore they will release more IL-6 than the monolayer. When 

the spheroids are within Matrigel, they need to invade the local environment, meaning that 

MMPs and other proteolytic enzymes are required to breakdown the ECM (Bartsch et al., 2003; 

Lima et al., 2016). IL-6 secretion will cause MMPs to be released, allowing the cells to 

breakdown the Matrigel. This will further result in more IL-6 being upregulated and VEGF 

release (Browning et al., 2018). Coupling the IL-6 expression with VEGF secretion, which is 

also higher in the Matrigel conditions shown in Figure 5.20, then increased IL-6 is expected. 
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The increase in IL-6 is expected as both factors interact with signalling pathways which will 

cause one another to be upregulated and expressed, meaning an increased level over time 

(Tawara et al., 2011). As the media alone condition on chip is higher, then the collagen and 

Matrigel would be expected to also be higher. The increased shear stress and continuous 

perfusion results in the spheroid cells being potentially remodelled and subsequently releasing 

more IL-6 (Egginton, 2011). However, a plausible explanation for the increased IL-6 in the 

media condition is due to the VEGF secretion. Looking at the previous ELISA data, this 

increase in VEGF could influence the secretion of IL-6 within the IL-6 ELISA data set. More 

interestingly, the increase in IL-6 within the collagen and Matrigel could be a result of not only 

the VEGF, as was shown in the previous ELISA data, but also the increase in shear stress and 

continuous perfusion, and the production of MMPs (Browning et al., 2018). The increase in 

shear stress (even if low) has been shown to increase the invasive potential of cells and cell 

remodelling through affecting cell adhesion and thus metastatic progression, therefore the IL-

6 and VEGF secretion increase in the Matrigel is expected (Cezeaux et al., 1991; Kumar , 2009; 

Kraning Rush et al., 2012; Jain et al., 2014). Furthermore, the increase in MMPs as a result 

will cause more IL-6 production as was seen in the Matrigel condition (Tawara et al., 2011).  

5.4.7.3 Spheroid migration on chip 

Spheroids were incorporated into two different hydrogels and investigated for cellular 

migration and invasion. The results showed that the invasion on chip through Matrigel was 

lower but comparable at certain time points (0, 24 h) to the off chip models, whilst the migration 

on collagen was higher in the on chip conditions in comparison to the off chip model. Both 

results are explainable; as (following on from the work conducted in Chapter 3) MCF7 cells 

are not as migratory as MDA-MB-231 counterparts, being shown to invade less, migrate more, 

due to their epithelial nature over the mesenchymal nature of MDA-MB-231 cells. Similarly, 

U-87 MG cells have been shown to migrate readily within hydrogels. Therefore, both the 
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observations of decreased migration of MCF7 spheroids in hydrogels and increased migration 

of U-87 MG spheroids are expected. In the media alone conditions, the lack of ECM means 

that the spheroids do not have any induced signals, meaning that they are less likely to have 

any cells migrating away from the primary mass. Moreover, any cells which are released from 

the spheroids within the media alone controls would not have any base to remain within and 

could be removed when media is replenished in the ULA plate and washed away in the 

microfluidic device conditions. The previous results show there are increased levels of VEGF 

and IL-6 in the off chip Matrigel models in comparison to media alone. As there are an 

increased level of VEGF and IL-6 in the off chip Matrigel model, then these could induce cell 

proliferation and spread. With the increased level of hydrogel (in comparison to media alone) 

then increased VEGF induces increased expression of MMPs, allowing the cells and 

subsequent spheroids to breakdown the ECM-matrices. This will further perpetuate the cells to 

gain a more invasive and migratory ability, resulting in increased invasion and migration over 

time. The increased migration on chip in collagen is also explainable. The increased levels of 

shear stress and continuous flow. As the on chip models have higher levels of shear stress than 

the off chip counterparts, then this can potentially cause an increased level of cell 

shedding/migration as increased shear stress has been shown to increase invasion, specifically 

through the promotion of synthesis of cAMP, IL-1β and VEGF (Vempati et al., 2013). The 

relatively low values of shear stress shown in this device could cause increased VEGF 

expression, which is shown in the ELISA on chip data across all conditions. This increased 

VEGF promotes the secretion of proteolytic enzymes, including the matrix metalloproteinases 

(MMP), which can cleave and degrade the ECM and basement membrane, further secreting 

and releasing VEGF (Vempati et al., 2013), furthering the increased levels of migration seen 

in the device in collagen. Moreover, cancer cells under low shear stress, which is seen within 

the device, have been shown to have increased migration in vivo and in vitro, suggesting a 
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further reason for increased migration (Mitchell & King., 2013; Huang et al., 2018). In 

comparison to the increased migration on-chip in collagen. the decreased invasion on-chip may 

be due the size constraints of the culture conditions. The 96 well plates used are Corning 96 

well ULA plates, which have a well diameter of 6.4 mm. This size is triple the size of the 

microwell within the generation 3 microfluidic device, which has a diameter of 2 mm. 

Therefore, the ULA plates have an microwell volume of 68.63 mm3 and the microfluidic device 

has a volume of 2.0944 mm 3, meaning that when assessing the invasion and migration of 

spheroids within the hydrogels, the potential for migration and invasion analysis within the 96 

well plate (off chip) is 3 times higher than the on chip conditions.  

5.5 Conclusion 

Overall, the results showed that the chip modification and advancement progressed the chip to 

a point in which relevant biological readouts, namely ELISA for biomarkers and realtime 

spheroid analysis, were possible. The results demonstrated that both VEGF and IL-6 secretion 

was increased on chip, as was migration within the on chip collagen model. Moreover, the 

results showed U-87 MG invasion on-chip was comparable across all three testing, whilst 

migration was increased on-chip over cell monolayers and static spheroids. 

Therefore, the work presented in this chapter has fulfilled the aims of: 

• Advance design to allow easier access to microwell 

• Advance design to image spheroids directly on-chip 

• Incorporate hydrogel(s) into microfluidic device and embed spheroids  

• Investigation of potential secreted biomarkers of cell migration/invasion, such as 

VEGF and IL-6 

• Evaluate at cell migration patterns of spheroids on-chip  
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Meaning that this work offers a novel and promising foundation into investigation cancer in 

vitro, whilst modelling aspects of in vivo tumours.  
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6  General Discussion  
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6.1   Summary of work presented in previous chapters  

The novelty of this work is the formation of spheroids externally, allowing them to be grown 

to a relevant size, which replicates what is seen in vivo; in terms of the hypoxic, necrotic and 

anoxic regions. This is something that is not commonly done. Secondly, this work did not want 

to assess the effects of drugs on the spheroid masses to assess whether it is possible to reduce 

their size and kill the tumour cells. Instead wanting to keep the spheroids alive and viable to 

allow the assessment of the cancer on chip, allowing us to study the biology of the spheroids 

overtime. Thirdly, the project wanted to use shear stress and continuous perfusion to identify 

key factors secreted from the spheroid mass to identify whether a trend was seen in 

comparison to off chip models. Finally, the project wanted to generate an easy to use glass 

microfluidic device, which would allow the user to monitor migration and invasion of cancer 

spheroids in real time, through hydrogels and ECM-like matrices. Allowing us to 

understand trends and biomarkers that may offer insight into the early stage interactions of cells 

and the external microenvironment within metastasis.  

There is a clear gap in the research which this project aims to fill. The current gap in the 

research is a lack of understanding and knowledge regarding the early stages of the metastatic 

cascade and how external factors such as shear stress, the tumour microenvironment and 

continuous perfusion contribute to cancer spread in vitro. This research aims to use a glass 

microfluidic device to replicate in vivo conditions within an in vitro environment. The device 

will be used to look at both brain and breast cancer spheroids to investigate the early metastatic 

spread of tumours. 

MCF7 and U-87 MG spheroids were formed off-chip and incorporated into the device by 

pipetting, before being perfused with complete media at 3 µL min-1 for 72 h. Cell viability was 

assessed in effluent, using the CytoTox Glo assay, demonstrating spheroid viability is robustly 
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maintained on-chip. In situ analysis of cell viability indicated an increased proportion of viable 

cells and decreased dead cells on-chip compared to off-chip. ELISA showed that VEGF 

secretion, as evaluated by its presence in conditioned media, was comparable across all testing 

conditions. The chip model has been further developed to allow spheroids to be embedded in 

ECM (extracellular matrix)-like matrices. VEGF ELISA and IL-6 ELISA showed that both 

VEGF and IL-6 secretion, as evaluated by its presence in conditioned media, was comparable 

across all testing conditions. ELISA also showed that IL-6 and VEGF was increased in the on-

chip models within hydrogel conditions. The device has also allowed the direct imaging of 

spheroids on chip over 72 h. The analysis of U-87 MG spheroids on chip showed that invasion 

through Matrigel was comparable to the off-chip static models. Whilst migration on chip, 

through collagen analysis, was increased over the off-chip counterparts. The work shown offers 

a novel insight into cancer metastasis; on a more replicative model than the current 

conventional in vitro techniques.  

This study hypothesised, that it was possible to mirror the early stages of metastasis in a 

microfluidic device and it would be possible to recreate and drive EMT and invasion of cells 

in spheroids within a microfluidic device.  

The main aim of this study was to design and optimise a microfluidic device capable of 

harbouring a characterised cancer spheroid, in order to mirror characteristics that are linked to 

metastatic potential and spread. The aims were furthered to allow the investigation of 

metastatic biomarkers released from the primary spheroid mass will be identified.  

Specifically, the objectives of each research chapter were to: 

1 To generate and characterise the best cancer spheroids to incorporate in a 

microfluidic device 
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2 To design and validate a microfluidic device for spheroid incorporation and 

maintenance  

3 To improve the microfluidic device design for analysis of pro-metastatic 

phenotypes in spheroids 

The research shown and reported here demonstrated good viability over the period of 72 h 

when compared to the off-chip and monolayer counterparts. This was both confirmed through 

the CytoTox glo assay and fluorescent cell staining for the generation 1 device. Likewise, 

live/dead staining showed good viability over 72 h in the generation 2 microfluidic device, 

over off-chip counterparts. Finally, the generation 3 microfluidic device also showed good 

levels of live cell intensity on chip, in comparison to the off-chip counterparts, being 46% 

higher. This data proves, like is seen with previous literature, that large populations of live 

cells within the spheroids were able to be maintained on-chip for at least 72 h. 

Vinci and colleagues detailed spheroid formation and composition from a variety of cell lines, 

and chapter 3 supported the observations, that U-87 MG and MCF7 spheroids were 

reproducibly and routinely produced (Vinci et al., 2013). Moreover, it showed that MDA-MB-

231 spheroids were ‘grape-like’ and larger than their same sized counterparts (Vinci et al., 

2013). Growth kinetics were then assessed and spheroids followed a four phase pattern of 

growth over time (Mehta et al., 2012). The percentage of the spheroids core and 

G0/proliferative rim over time was performed on two seeding densities, and showed the core 

percentage of the total spheroid increased over time (Sutherland, 1988; Gong et al., 2015; 

Rodriguez et al., 2015). Staining of both H & E and Ki-67, as a marker of cellular spread, 

showed expected trends, supporting those seen within the literature (Sutherland, 1988; 

Scholzen, 2000; Mehta et al., 2012; Zanoni M et al., 2016). Hypoxyprobe (Pimonidazole) IF 

staining of spheroid sections showed a hypoxic core within the spheroids, as expected (Varia 

et al, 1998; Mehta et al., 2012; Zanoni M et al., 2016).  
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The first generation device used within this study was previously used at the University of Hull 

Shear stress and flow rates proved ideal for spheroids to be added to the device, but this was 

not as robust, reproducible and uniform as first desired. However, it was shown that multiple 

cell lines could be added without the spheroids being disaggregated and thus were usable. By 

using the spheroids which were added successfully, the viability could be analysed. This 

showed fresh samples were preferential, and the spheroids remained viable on chip over off 

chip and monolayer counterparts. FDA PI supported the initial observations. ELISA showed 

that the levels of a marker of spread, VEGF, was comparable, if not elevated, in the on chip 

conditioned spheroid effluent over the off chip and monolayer conditions. To further assess 

migration, western blot of spheroids for EMT markers were performed. They showed E-

cadherin, appeared to be cleaved in the on-chip spheroids over many repeats. However, 

acknowledging the issues with spheroid shape potentially accounting for this alteration, 

simulations were performed. The simulations showed that oxygen levels were lower on chip 

than first thought. Resulting in higher hypoxic regions throughout the spheroid. Moreover, this 

combined with structural analysis through H&E presented the spheroid as a ‘compressed’ 

shape, meaning opportunities for the advancements of the microfluidic device were required. 

By adding an access port above the microwell, direct pipetting of the spheroid and hydrogel 

into the generation 2 device was possible. To further prevent the issue of misshapen spheroids, 

surface modifications were performed. The glass surface was silanised using OTS, and the PEG 

surfactant was added. The successful addition and prevention of cell adhesion was confirmed, 

reproducibly and accurately. Once the glass surface was modified to prevent cell adhesion, cell 

imaging was performed on chip. Similarly, to the first generation microfluidic device, the 

spheroids had poor optical clarity and were not at a desired focus. To combat this, FDA/PI 

staining was conducted and showed spheroids were maintained at a viable level on chip over a 

72 h period. Meaning there was no loss in cell viability over time.  
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A final adjustment to the chip was conducted. A borosilicate coverslip, which is 0.4 mm in 

depth, was bound, underneath the microwell. After the glass coverslips were added to the 

microwell base, hydrogel incorporation was attempted. The incorporation of hydrogels would 

allow the system to mirror what is seen in vivo. The results demonstrated that type I collagen 

and Matrigel were successfully incorporated, and all spheroids used were able to be 

incorporated well into the hydrogels. The spheroids were then also able to be imaged well 

through brightfield microscopy. FDA PI stain for live dead cells showed viability was 

maintained on chip; with large percentages of live cells over dead cells. The observations found 

mirror those within the literature; spheroid cells being live on chip over time. 

In order to investigate the final aims and objectives; VEGF and IL-6 ELISAs were measured. 

VEGF was used as it is critical in the migration and invasion of cancer in vivo, namely due to 

its promotion of proteolytic enzyme and ability to assist in proliferation and migration (Lee et 

al., 2005; Egginton, 2011 Saharinen et al., 2011; Roberts et al., 2013; Vempati et al., 2013). 

Whilst IL-6 was assessed, as it has been shown to effect bone metabolism and has been 

correlated with strong activity within tumours, moreover it is linked tumour cell survival, 

proliferation and angiogenesis, and is highly expressed in several cancers including breast, 

colon, hepatic, ovarian and prostate, all through autocrine signalling (Ashizawa et al., 2005; 

Browning et al., 2018). The ELISA results showed that VEGF expression was increased in all 

conditions on chip, with significant differences in media and Matrigel, in comparison to the off 

chip and monolayer testing conditions. Similarly, IL-6 expression was increased to a larger 

significance in collagen and Matrigel in the on chip conditions, over the other two counterparts. 

The results could be due to cancer cell interactions with the hydrogels, especially Matrigel. 

This interaction could be causing the cells to release components such as MMPs, ADAMs or 

other enzymes used to break down the ECM-like matrices. Henceforth the ECM will be broken 

down by proteolytic enzymes and thus able to release the factors embedded within, such as 
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VEGF, which is at 5.0 – 7.5 ng/mL (Corning, 2012). The increased levels of VEGF and factors 

released from the ECM matrices would further upregulate MMP expression and act in a 

positive feedback loop, resulting in more VEGF and IL-6 release, being shown in the ELISAs. 

Further to this point, is these results could be due to the increased levels of shear stress on chip, 

something known to increase migration and invasion potential. Similarly, the continuous 

perfusion and flow, allowing more nutrient acquisition to on chip spheroids, could allow cells 

to produce more signals resulting in increased expression of VEGF and IL-6 in the effluent. To 

test and to reflect what was seen in the effluent, on chip spheroid imaging of invasion and 

migration was conducted over time. 

MCF7 spheroids did not migrate or invade within any conditions tested. Therefore, U-87 MG 

spheroids were used to identify if there were any differences in migration and invasion between 

on-chip and off-chip conditions. The on chip imaging results showed that invasion, in the on 

chip conditions within Matrigel was lower but comparable to the off chip models, whilst 

migration on chip in collagen was higher than the off chip counterparts. This could be a result 

of shear stress, continuous perfusion, hypoxia or cell remodelling. Meaning the model shows 

that migration is increased on chip and invasion on chip is comparable, but it needs to be further 

investigated.  

6.2 Future directions 

6.2.1 Single cell spheroids  

As this work offers a solid foundation for further investigations into cancer migration and 

spread, there are many avenues that future work could progress towards. Firstly, it must be 

noted, as detailed in chapter 3, that cancer cell line spheroids are limited in terms of their 

application, as they are not fully replicative of in vivo tumours, due to their homogenous cell 

populations (MacGowan et al., 2001; Holen et al., 2017). Cancer cell spheroids only contain 

singular cells from the cell line used, for example MCF7 or U-87 MG cells, as is the case 

with this research. Therefore, to overcome this caveat, and to make the populations more 
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realistic spheroids could be co-culture with other cells. This first improvement can be seen in 

other works (Blaha et al., 2017; Bersini et al., 2018; Yuan et al., 2019), however, not all 

these examples use co-cultured spheroids within a microfluidic device and the models are not 

used to identify metastasis in the manner proposed in this research. The cocultured spheroids 

need to be cultured with other variants of stromal cells, immune cells and primary cells (such 

as HUVECs, fibroblasts and macrophages). This would allow the user to investigate and 

identify cell-cell interactions to see how these influence the migratory and invasive potential 

of cancer spheroids in 3D. Further to this point is that when using both co-cultured and 

singular culture spheroids, it would better to add different components of in vivo cells within 

the ECM-like matrices to identify key interactions between cells and the basement membrane 

in a more realistic environment. By using the single cell spheroids, it would be possible to 

add the cell variants to the ECM like matrices. This would better mirror those conditions seen 

in vivo and the addition of cells to the ECM-like matrices is something which has been done 

previously (Peela et al., 2017). The cells which could be used are cancer associated 

fibroblasts and primary cells such as HUVECs or endothelial cells. This would replicate the 

lining which cancer cells need to breakdown and simulate the conditions seen within 

humans(Sung KE et al., 2013; Bersini et al., 2014).  

6.2.2 Metastatic niches 

To further advance this model, whilst still using single cell type spheroids, it would be 

interesting to add micrometastases niches and tropisms on chip. For example, developing 

locations on chip that replicate bone, lung and bladder microenvironments, using cyto and 

chemo kines, cells and ECM-like matrices. The single cell spheroids would then be attracted 

to one of the different locations (over the others) and this would then allow the researchers to 

see how and where cancer cells migrate towards over one another (Hao et al., 2018). 
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Moreover, it would then be possible to look at which biomarkers and factors are released, to 

both prime the premetastatic niche and to increase migration and invasion. 

6.2.3 Multi-chip model 

In comparison to using a singular microfluidic device to investigate singular cellular 

spheroids. A multi-chip approach could be a possible avenue to investigate the whole 

metastatic cascade. Each chip could mirror each individual stages of the metastatic cascade. 

An example being, one chip being used with a co-cultured spheroid on a cell embedded ECM 

– matrix to look at local invasion through the basement membrane mix (stage 1 and 2), whilst 

a further chip could be used to multiplex the microfluidic device. Using multiple spheroids on 

chip would allow more cells to migrate and spread from the primary spheroids, these could 

all collect in one central location on chip, and form spheroid models within the device. The 

secondary cells would be able to be compared to the primary mass to assess genetic 

aberrations and alterations from the original tumour source. Such as looking at markers of 

cancer stem cells through techniques including flow cytometry. Useful markers to look at 

would be CXCR4, CD44, specifically v9 and v8-10, to be variants different from normal cell 

surface markers or CD117 when looking at the ability of self-renewal of cancers (Kim & 

Ryu, 2017; Wang et al., 2018b). The device would replicate the formation of 

micrometastases in vitro. To further this design, chemokines and cytokines would be used to 

replicate in vivo environments, such as was seen with Hao (Hao et al., 2018). Downstream of 

the multiplexed spheroids would be collecting microwells. Each microwell would replicate a 

different in vivo tropism of cancer, such as brain, bone and bladder. The spheroid shed cells 

would then move towards one and this would allow the researcher to identify which location 

appears preferable for the tumour cells. Using this style of device there are three directions 

that the research would follow. Firstly, the primary mass would have its secretome analysed. 

There would be factors that are being released by the primary mass to break down the 
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basement membrane and to prime the secondary site, in preparation for the micrometastases, 

identifying factors such as MMPs, ADAMs, Interleukins and heat shock proteins 27, 70 and 

90 (Chatterjee & Burns, 2017). This would lead onto the second task, where the media should 

be collected to look for CTCs and identify any factors priming the pre-metastatic niche, this 

would be done through RNA sequencing focusing on miRNA 19a, 138 and 200, all shown to 

lead to increased motility of primary cancers, inducing EMT and enhancing angiogenesis 

(Wang et al., 2018a). Finally, the ‘secondary’ shed cells could be have its proteome analysed 

as was previously suggested, to look for markers of both stem cells or EMT and MET, 

including factors shown in this report such as E-cadherin, β-catenin, Vimentin (Brabletz et 

al., 2018).  

6.2.4 Current advancement 

An advancement on this research is something which is currently being investigated and is 

being done. The original generation 3 device is being used, with a more reproducible and 

robust tubing set up. The outlet tubing is connected to a ‘newer’ second device, holding an 

oxygen plasma treated microscope slide with tiny microwells within. The cells shed from the 

spheroid in the initial microwell on the generation 3 microfluidic device can migrate into the 

second device, allowing the cells to sediment and form secondary masses. These would then 

be looked at to assess differences to the primary mass.  

6.2.5 Open scope 

In the future, microfluidics has a key role to play in medical and cancer research. The 

technology offers a unique ability to provide point of care diagnosis, and specifically being 

able to take a tumour sample from patients, run molecular analysis on it, before allowing the 

treatment to be specifically tailored to the tumour subtype. The excised patient tumour could 

be subdivided into multiple devices, before trying different chemotherapeutics on them. This 

would then dictate which treatment should be used for maximum efficiency by the clinicians. 
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This strategy is something I can actively see the field progressing towards and is actively 

being pursued.  

In a situation undeterred by accessibility and financial constraints, it would unique and novel 

to build a patient on a microfluidic device. The building of a human on chip is something 

currently underway, however, that is not unique as stated here. It would be interesting to 

build each patient on a microfluidic device individually, using their cells, components and 

samples. This would then allow clinicians and scientists to screen mutations, identify trends 

and have a rapid, microscale system which could allow better treatment further in the future.  

6.2.6 Concluding remarks 

Overall, as detailed, this work offers a foundation and platform to identify early stage 

biomarkers of metastasis and is something that needs to be furthered upon by using the 

suggestions described within the future work section. 

 

6.3   Conclusion 

Overall, the results showed that the project aims, and objectives outlined were achieved. The 

chip modifications and advancement progressed the chip to a point in which relevant 

biological readouts were possible, such as ELISA for biomarkers of cellular spread, western 

blot of proteins for EMT and ICC analysis. Furthermore, the results offer a novel insight into 

the hypothesis detailed; it is possible to recreate and model the tumour microenvironment 

within a microfluidic device to investigate cellular spread. Supporting that it is potentially 

possible to mirror the early stages of metastasis in a microfluidic device, increasing the level 

of invasion and migration over conventional models. This work offers a foundation and 

platform to identify early stage biomarkers of metastasis and is something that needs to be 

furthered upon.  
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Chapter 7  Appendix 
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Figure 7.1: U-87 MG, MCF7 and MDA-MB-231 spheroid migration on three hydrogels, 

ANOVA comparison 

24 h a), 48h b) and 72h c) spheroids (seeded at 2.5 x 104) placed on three hydrogels; Matrigel, 

collagen and gelatin, and measured for migration (total area in μm2) over a period of 72 h. Migration 

times equate to t=0, t=24, t= 48 and t=72. SE of n=3 (for Matrigel and collagen). Two way ANOVA 

shows no significance at t=24, 48 or 72 across any cell type or hydrogel.   
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Figure 7.2: U-87 MG, MCF7 and MDA-MB-231 spheroid migration on three concentrations of 

collagen, ANOVA comparison 

U-87 MG a), MCF7 b) and MDA-MB-231 c) spheroids (seeded at 2.5 x 104) placed on various 

hydrogels; Matrigel, collagen and Matrigel with collagen. Spheroids were measured for migration 
(total area) over a period of 72 h. Migration times equate to t=0, t=24, t= 48 and t=72. Two way 

ANOVA was conducted and showed no significance except for 1 * significance between U-87 MG 

and MDA-MB-231 spehroids at 72 h.. n=3 experimental repeats in triplicate.  
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Figure 7.3: Standard curve of ELISA - VEGF concentration and absorbance  

A standard curve was produced for VEGF, using kit procedures, to determine the levels of absorbance 

for VEGF present at different concentrations. This straight line equation was used to determine the 

unknown concentration of IL-6 present in effluent samples.  
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Worked Example, using VEGF standard curve on figure 7.3:  

Standard curve data 

 

Example absorbance, next to effluent amount 

 

Equation rearranged for X: X=y-0.0719/0.001 

Average values – 0.0719  

 

Values divided by 0.001 

 

Values normalised to volume 

 

Values divided by cell number 

 

Final value 

 

 

Conc. Measure 1 Measure 2 Average

1500 1.61 1.49 1.55

750 0.849 0.841 0.845

375 0.471 0.42 0.4455

187.5 0.256 0.24 0.248

93.75 0.179 0.158 0.1685

46.875 0.12 0.117 0.1185

23.4375 0.096 0.088 0.092

0 0.068 0.065 0.0665

effluent amount 72 hours 72 hours average STD dev SE

Y 800 µl 1.097 1.079 1.088 0.012728 0.009001

Y 600 µl 0.849 0.901 0.875 0.03677 0.026004

Y 4500 µl 0.138 0.152 0.145 0.009899 0.007001

cell monolayer 1.0161

static spheroid 0.8031

microfluidic device 0.0731

cell monolayer 1016.1

static spheroid 803.1

microfluidic device 73.1

before normalisation after volume normalisation

1016.1 (already at 800 ul) 1016.1

803.1 X 1.3 (difference between 600 and 800 ul) 1070.797323

73.1 x7.5 (difference between 4.32 ml and 200 ul) 548.25

cell number 72 hours

140000 monolayer 254.025

105000 static 356.9333

35000 microfluidic 548.25

72 hours SE

monolayer 254.025 2.25034

static 356.9333 11.5573

microfluidic 548.25 52.50793
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Figure 7.4: Standard curve of ELISA - IL-6 concentration and absorbance  

A standard curve was produced for IL-6, using kit procedures, to determine the levels of absorbance 

for IL-6 present at different concentrations. This straight line equation was used to determine the 

unknown concentration of IL-6 present in effluent samples. Worked example shown below. 
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Raw data in duplicate 

 

Using the straight line equation to rearrange for X, raw data is -0.1479 

 

After the subtraction, to find normalised values for X, the data is divided by 0.0065 

 

The data was then normalised to volume before being graphed, multiplied by difference of 

sample volume - 200μl (all cell numbers were the same), such as x21.6 to get to 4.32ml for 

on-chip samples  

 

 

n=1 n=1 n=2 n=2 n=3 n=3 Average Std Dev SE

monolayer media 2.04 2.02 2.22 2.04 6.16 4.5 3.163333 1.759973 0.586658

monolayer collagen 3.86 3.22 3.4 3.32 3.58 4.2 3.596667 0.371681 0.123894

monolayer matrigel 3.58 3.08 4.68 1.16 4.42 5.06 3.663333 1.426235 0.475412

static media 3.98 8.4 4.14 4.1 3.72 3.98 4.72 1.808779 0.602926

static collagen 3 4.8 3.62 6.8 5.26 7.18 5.11 1.669239 0.556413

static matrigel 5.78 7.58 5.56 6.4 9.28 7.3 6.983333 1.381675 0.460558

on-chip media 1.58 1.52 2.02 2.1 2.04 1.96 1.87 0.252587 0.084196

on-chip collagen 1.14 1.12 1.9 2.02 2.76 2.9 1.973333 0.762592 0.254197

on-chip matrigel 1.22 1.14 14.32 17.6 2.7 2.76 6.623333 7.339029 2.446343

n=1 n=1 n=2 n=2 n=3 n=3 Average Std Dev SE

monolayer media1.8903 1.8703 2.0703 1.8903 6.0103 4.3503 3.163333 1.759973 0.586658

monolayer collagen3.7103 3.0703 3.2503 3.1703 3.4303 4.0503 3.596667 0.371681 0.123894

monolayer matrigel3.4303 2.9303 4.5303 1.0103 4.2703 4.9103 3.663333 1.426235 0.475412

static media 3.8303 8.2503 3.9903 3.9503 3.5703 3.8303 4.72 1.808779 0.602926

static collagen2.8503 4.6503 3.4703 6.6503 5.1103 7.0303 5.11 1.669239 0.556413

static matrigel 5.6303 7.4303 5.4103 6.2503 9.1303 7.1503 6.983333 1.381675 0.460558

on-chip media1.4303 1.3703 1.8703 1.9503 1.8903 1.8103 1.87 0.252587 0.084196

on-chip collagen 0.9903 0.9703 1.7503 1.8703 2.6103 2.7503 1.973333 0.762592 0.254197

on-chip matrigel 1.0703 0.9903 14.1703 17.4503 2.5503 2.6103 6.623333 7.339029 2.446343

n=1 n=1 n=2 n=2 n=3 n=3 Average Std Dev SE

monolayer media 290.8154 287.7385 318.5077 290.8154 924.6615 669.2769 3.163333 1.759973 0.586658

monolayer collagen 570.8154 472.3538 500.0462 487.7385 527.7385 623.1231 3.596667 0.371681 0.123894

monolayer matrigel 527.7385 450.8154 696.9692 155.4308 656.9692 755.4308 3.663333 1.426235 0.475412

static media 589.2769 1269.277 613.8923 607.7385 549.2769 589.2769 4.72 1.808779 0.602926

static collagen 438.5077 715.4308 533.8923 1023.123 786.2 1081.585 5.11 1.669239 0.556413

static matrigel 866.2 1143.123 832.3538 961.5846 1404.662 1100.046 6.983333 1.381675 0.460558

on-chip media 220.0462 210.8154 287.7385 300.0462 290.8154 278.5077 1.87 0.252587 0.084196

on-chip collagen 152.3538 149.2769 269.2769 287.7385 401.5846 423.1231 1.973333 0.762592 0.254197

on-chip matrigel 164.6615 152.3538 2180.046 2684.662 392.3538 401.5846 6.623333 7.339029 2.446343

n=1 n=1 n=2 n=2 n=3 n=3 Average Std Dev SE

monolayer media 581.6308 575.4769 637.0154 581.6308 1849.323 1338.554 927.2718 541.5303 180.5101

monolayer collagen 1141.631 944.7077 1000.092 975.4769 1055.477 1246.246 1060.605 114.3633 38.12111

monolayer matrigel 1055.477 901.6308 1393.938 310.8615 1313.938 1510.862 1081.118 438.8416 146.2805

static media 1178.554 2538.554 1227.785 1215.477 1098.554 1178.554 1406.246 556.5473 185.5158

static collagen 877.0154 1430.862 1067.785 2046.246 1572.4 2163.169 1526.246 513.6121 171.204

static matrigel 1732.4 2286.246 1664.708 1923.169 2809.323 2200.092 2102.656 425.1309 141.7103

on-chip media 4752.997 4553.612 6215.151 6480.997 6281.612 6015.766 5716.689 839.3648 279.7883

on-chip collagen 3290.843 3224.382 5816.382 6215.151 8674.228 9139.458 6060.074 2534.152 844.7174

on-chip matrigel 3556.689 3290.843 47089 57988.69 8474.843 8674.228 21512.38 24388.16 8129.386
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