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Abstract 

In the last decade, the importance of three-dimensional cultures has been highlighted as 

a way to support the correct physiological and pathological behaviour of cell cultures. 

Many cells behave differently when grown in a 2D environment compared with a 3D 

matrix and this can result in a different sensitivity to drugs. Especially relevant in cancer 

is that many forms of interaction and communication between different cell types can 

either promote or repress cell proliferation and survival. In order to overcome the 

difficulty of studying cancer cells in a relevant microenvironment, new methods capable 

of generating 3D multicellular systems need to be implemented. Ideally, these methods 

have to allow a relatively fast and cheap way of generating different 3D constructs with 

minimal effects on cells caused by the preparation methods themselves. Spatial 

organization and automation of these processes would be highly desirable. The 

approach described in this thesis is based on a 3D printing strategy using the common 

biocompatible hydrogel, alginate, modified to promote cell attachment. Results show 

that the printing process can be performed without reduced cell viability; that cells 

proliferate within the gel and form more complex structures. The results here presented 

show that glioma stem cells (GSC) can be 3D printed and provide a response to drug 

treatment that resembles more closely the in vivo situation. Co-culture drug treatments 

in the 3D printed models showed that the presence of monocytes can increase the 

sensitivity of the glioma cell line U87MG, while the GSC line G7 showed no difference 

when co-cultured with microglia. The GSC lines seem to retain pluripotency better in 

the 3D system than in 2D cultures. Performing co-culture 3D printed studies, a 

differential kinase activity was observed, showing that macrophage-like cells can 

increase the activity of ERK, JNK, PKA and p38 only in the printed system. The 3D 

printing strategy here presented shows potential for biological applications, and the 

results obtained testing drugs and using biosensors to analyse real-time single-cell 

signalling changes indicate that the strategy can be a useful tool in cancer research.  
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Aims 

The general aim of this project is to create a method that allows for the fast generation 

of 3D models to be used for drug testing. In order to do this, it is necessary that the 

method is reproducible, that the effect on cell biology and viability is minimal, and the 

easy generation of high cell-density constructs that recapitulate the desired tumour 

structure. The use of a 3D printer that uses a natural polymer such as alginate, was 

expected to be a good candidate to achieve these goals. Here, we present a method that 

has been optimised to work with relevant cell types such as glioma stem cells and 

patient-derived stromal cells, in which drugs can be tested. 
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Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 



 

2 

1.1 Cancer biology 

Cancer is a group of diseases which have in common the abnormal and uncontrolled 

division of cells that can spread and invade other tissues. Cancer is not a defined disease 

but a cluster of more than 200 clinically different pathologies driven by many distinct 

molecular mechanisms. Taking them all together, the incidence of cancer is high, with 

more than 300,000 patients diagnosed every year in the United Kingdom (Cancer 

Research UK, 2015). Mortality rates are very variable depending on the particular 

subtype of cancer and the country, however it is currently the second most frequent 

cause of death in the world with more than eight million deaths per year (WHO, 2017). 

The classical cancer aetiology model is based on one cell being transformed and 

replicating itself continuously (Figure 1.1). This transformation or activation can be 

achieved by either extrinsic or intrinsic factors. Extrinsic or environmental factors, 

are the cause of the majority of human cancers. The key extrinsic factors are smoking, 

inadequate diet, UV radiation, alcohol consumption, pollutants, infections, stress, 

obesity and lack of physical activity. It is estimated that between 5-10% of the patients 

develop cancer by intrinsic factors, i.e., inheritance. Both extrinsic and intrinsic factors 

can cause the disease by different mechanisms (Anand et al., 2008). 

The most heavily studied and most strongly supported mechanism causing cellular 

transformation is genetic mutation. Such mutations can drive cancer formation most 

obviously by altering the cell growth and proliferation pathways, and preventing 

apoptosis. The genes that are affected can be classified in two categories: oncogenes: 

genes that have the potential to start cancer development by promoting cell division. 

Oncogenes are the consequence of a proto-oncogene being activated through mutation, 

protein concentration or chromosomal translocation; e.g., proto-oncogene epidermal 

growth factor receptor (EGFR) can be mutated in its position 858 giving the oncogene 

EGFR L858R, a driver of lung cancer (Tsai et al., 2015). The second category are 

tumour suppressor genes: genes that in physiological conditions inhibit cell 

proliferation or protect in some way against excessive cell division, e.g., when the 

tumour suppressor phosphatase and tensin homolog (PTEN) cannot dephosphorylate 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), the phosphoinositide 3-kinase (PI3K) 

proliferative pathway becomes activated with little control over it, being one of the most  
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common underlying genetic features of many tumours (Wise et al., 2017). These genetic 

alterations activating oncogenes or inactivating tumour suppressors, result in cell 

proliferation being favoured and cells dividing without undergoing apoptosis to 

compensate for this growth (Knudson, 2001). Furthermore, in addition to these 

regulatory mechanisms controlling growth, proliferation and survival, many other 

cellular processes influence tumour development, such as changes in cell metabolism, 

angiogenesis and the avoidance of cell senescence (Hanahan and Weinberg, 2011). 
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Figure 1.1. Classical tumour model.  

Representation of a classical cancer model in which a cancerous cell initiates 

aberrant proliferation and forms a new mass of cancerous cells surrounded by 

normal cells and other tissues. 
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An often-understated important mechanism for cancer initiation is through epigenetic 

alterations. Heritable changes in the DNA methylation status or histone modification 

can lead to the overexpression or down-regulation of oncogenes and tumour suppressor 

genes respectively (Atrian and Lelièvre, 2015; Costa-Pinheiro et al., 2015). Also, 

changes in DNA repair are important since they can cause both mutations and further 

epigenetic changes, contributing to the genetic instability characteristic of cancer 

(Baylin and Ohm, 2006). 

In the last 10 – 15 years, an updated cellular model for cancer origin and sustainability 

has been developed. This hypothesis is based on the concept of cancer stem cells 

(CSCs). These multipotent cells would act as a reservoir of cancer cells because, unlike 

normal cancer cells, they are relatively quiescent cells. This feature can make cancer 

therapy more difficult since most of the current treatments are based on the targeting of 

dividing cells (Reya et al., 2001; Shukla et al., 2017). Nevertheless, CSCs are not well 

defined and there is no universal marker for them. There are several cell markers which 

categorize cells into CSCs depending on the cancer type but there is some controversy 

regarding the issue which is extended in 1.2.3 (Gupta et al., 2009; Shukla et al., 2017). 

1.2 Tumour microenvironment 

In the last decades, it has been highlighted that the environment in which a tumour 

grows is an important feature which can influence several properties of the tumour. The 

tumour microenvironment includes not only the bulk cancer cells, but also the 

surrounding blood vessels, stromal cells, immune cells, CSCs, and also the signalling 

molecules and extracellular matrix forming the tumour (Figure 1.2) (Hanahan and 

Weinberg, 2011; Turley et al., 2015). There are several studies showing the relevance of 

other specific cell types in the tumour biology and drug response, the most studied ones 

being fibroblasts and macrophages. Nevertheless, cell culture studies and drug testing 

are usually performed using only one cell type (Hanahan and Weinberg, 2011). Many 

efforts have been put into achieving more representative models of the tumour as a 

whole, a complex multicellular system that can offer answers that a classical model 

cannot. However, uptake of these new models has been slow (Arrigoni et al., 2016). 

 



 

6 

 

 

 

 

 

 

 

Figure 1.2. Current tumour model.  

Representation of a tumour microenvironmental cancer model, showing different 

cell types forming part of the tumour and considering other factors. These 

include hypoxia, aberrant vasculature and the presence of molecules with an 

active role in the tumour survival and development. This model also accounts for 

tumour heterogeneity and takes a less simplified view compared to the classical 

model. 
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1.2.1 Carcinoma-associated fibroblasts  

Fibroblasts can be a major component of tumours and account for more than 90% of the 

tumour mass in some carcinomas (Connolly et al., 2003). Carcinoma associated 

fibroblasts (CAFs), although not malignant per se, can potentially contribute to the 

progression of cancer cells into a more malignant phenotype, and even promote 

metastasis. These fibroblasts have an active role in generating ECM and reprogramming 

the immune and metabolic status of the tumour microenvironment (Kalluri, 2016; 

Orimo and Weinberg, 2006). The fibroblasts found in the tumour microenvironment 

frequently show an abnormal phenotype, more similar to the fibroblasts present in 

healing wounds than other fibroblasts, which has led to some authors describing cancer 

as a “wound that never heals” (Dvorak, 1986; Karagiannis et al., 2012). This change is 

due to both paracrine and autocrine stimulation of different growth factors and 

cytokines including transforming growth factor beta (TGF-β), fibroblast growth factors 

(FGFs), vascular endothelial growth factor (VEGF), platelet-derived growth factor 

(PDGF) and interleukins (Figure 1.3). The secretion of these factors contributes to the 

self-sustaining and proliferation of both CAFs and tumour cells (Brennen et al., 2012; 

Shiga et al., 2015). Also, by secretion of different kinds of proteases, especially 

metalloproteinases (MMPs), CAFs can affect the remodelling of the extracellular matrix 

and this can favour tumour growth and propagation (Iwanami et al., 2009; Kalluri, 

2016). 

1.2.2 Tumour associated macrophages 

In a very similar fashion to CAFs, tumour associated macrophages (TAMs) are also 

relevant for the growth and maintenance of the tumour. Cancerous tissue is 

characterized for being in a state of perpetual inflammation, which explains the 

presence of different immune cells (Allavena et al., 2008). Like CAFs, TAMs may also 

exhibit a different phenotype than normal macrophages and can support angiogenesis, 

proliferation of cancer cells and invasiveness through secretion of different growth 

factors, cytokines and proteases (Figure 1.4 A) while tumour cells such as glioma cells, 

can recruit TAMs through different signals (Figure 1.4 B). The effects achieved by 

TAMs are due mainly to secretion of TGF-β, interleukin 10 (IL-10) which inhibits 

effector T cells, chemokines such as chemokine (C-C motif) ligands CCL-20, CCL-22 

or CCL-5 which increase the recruitment of natural regulatory T cells (nTreg cells) or 
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direct cell-cell interaction with T cells, NK cells and B cells that causes a general 

inhibition of immune response. Also, via metabolic alteration by increasing arginase I, 

which causes a depletion of L-arginine, resulting in the loss of TCR by T cells. 

However, presence of TAMs can be both a positive or negative prognostic indication 

for a tumour development (Mantovani et al., 2017; Noy and Pollard, 2014; Ramanathan 

and Jagannathan, 2014). This dual effect is attributed to the different phenotypes for 

macrophages, often referred to as M1 and M2, which have recently been proposed to 

reflect a dynamic range of phenotype rather than fixed opposed ones (Bingle et al., 

2002; Heppner et al., 2015; Martinez and Gordon, 2014). 

 

 

 

 

 

 

 

 

 

 

 



 

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Carcinoma-associated fibroblasts 

Illustration of the main regulators of CAF biology. Normal fibroblasts can 

become activated by soluble factors, mainly TGF-β, into a CAF phenotype. 

CAFs and cancer cells support each other in proliferation, invasion and 

survival, having an active role in cancer progression.  
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Figure 1.4. Tumour-associated macrophages 

(A) Macrophages can become activated mainly by TGF-β and IL-10 into a TAM 

phenotype. TAMs promote adaptive immunity and proliferation of cancer cells, 

while cancer cells stimulate the recruitment and survival of TAMs.  
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1.2.3 Cancer stem cells 

The cancer stem cell theory is based on the studies that showed there was a 

subpopulation of cancer-initiating cells, biologically distinct than other populations that 

have the ability to generate all the cells present in a tumour. It was first proposed for  

acute myeloid leukaemias (Lapidot et al., 1994) and later studied in more detail for 

other haematological and solid tumours such as brain, breast or colon (Al-Hajj et al., 

2003; Matsui et al., 2004; O’Brien et al., 2007; Singh et al., 2003).  

There are two main theories about tumour propagation that can explain tumour 

heterogeneity and tumour self-renewal; the cancer stem cell model, or hierarchical 

model, which states that CSCs are at the top of a hierarchical structure, generating 

common progenitors which can themselves give restricted progenitors and these go 

further into mature cells, that are the cells commonly observed as the main bulk of a 

tumour. The CSCs are therefore able to self-renew and differentiate into a population 

which cannot result in de novo cancer initiation but usually contributes as the main 

cellular component of the tumour microenvironment. The importance of this theory is 

that cancer treatments are only effective when the CSCs are targeted and the elimination 

of the differentiated tumour cells do not have an impact in tumour survival beyond their 

contribution to the microenvironment; and the implied difficulty on characterising a 

tumour through a small biopsy which may not contain the subpopulation of CSCs (Beck 

and Blanpain, 2013). On the other hand, the stochastic model is based on the belief that 

any cell in the body can become a tumour cell after going through several genetic and 

epigenetic alterations (Kreso and Dick, 2014). These two theories can be combined by 

considering stem cell plasticity; i.e., CSCs shifting from non-CSCs and vice versa; and 

the fact that each model could contribute to different subtypes of cancer (Cabrera et al., 

2015; Wang et al., 2014).  

Despite the supporting evidence for the relevance of CSCs in vivo, there has been a 

debate about the genuine existence of said cells. The arguments against it are mainly the 

fact that there is a lack of universal markers for these cells, and that under therapeutic 

conditions, i.e., radiation and/or chemotherapy, many cancer cells can acquire a more 

CSC-like phenotype. Also, the origin of CSCs has been debated, with some researchers 

proposing that these cells come from the dysregulation of stem cells (SCs) or from a 
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subpopulation that is more differentiated than normal SCs which have gained the ability 

of self-renewal (Gupta et al., 2009; Shukla et al., 2017). The disceprancies found by 

different groups are likely due to inter-tissue variability, being the evidence for CSCs 

abundant for colorectal cancer (Azizi and Wicha, 2013) and against the theory for 

squamous neoplasias (Frede et al., 2016), to cite some examples. 

1.3 Glioblastoma  

1.3.1 General characteristics 

Glioblastoma, also known as glioblastoma multiforme (GBM) is the most frequent brain 

tumour in adults, with about 3 cases every 100,000 people per year in the United States 

of America. The median age at the time of diagnosis being 64 years old (Gallego, 

2015). The incidence in Europe is slightly higher with 4.6 cases per 100,000 people, 

with the United Kingdom having the highest incidence, 5.7 per 100,000 and lowest 5-

year survival (Crocetti et al., 2012). It belongs to the heterogeneous group of malignant 

gliomas, highly invasive brain tumours which originate from glial cells (Wen and 

Kesari, 2008). The survival of patients affected with GBM is very low, with a one-year 

survival of less than 20 % and a five-year survival of around 5 %. When patients are 

treated with the best available treatment, the median survivals is around 14 months; this 

has not improved significantly in the last 40 years (Delgado-López and Corrales-García, 

2016; Stupp et al., 2009; Young et al., 2015). 

Current therapy for GBM patients are based in the surgical extraction of the tumour 

mass, radiotherapy and temozolomide (TMZ) as the drug of choice. Other more 

advanced treatments have been studied but to this date they all have failed in showing a 

quantitative increase in survival (Delgado-López and Corrales-García, 2016; Omuro and 

DeAngelis, 2013). The lack of improvement in GBM treatment is largely due to these 

tumours being very diffused and infiltrative, which makes surgical approaches even 

more challenging than they already are for brain surgery standards. GBM cells 

proliferate and migrate fast, resulting in resistant cells emerging after therapy and the 

resurgence of tumours. These cells might be resistant since the start or acquire it after 

therapy. In addition to this, there are other common problems to all brain tumours such 

as the extra difficulty of treatments due to the blood brain barrier (BBB) and the 
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sensitivity of some brain areas to radiotherapy (Cloughesy et al., 2014; Wong et al., 

2015). 

There are several genetic markers of relevance in GBM prognosis. The main one is the 

6-O-methylguanine-DNA methyltransferase (MGMT) promoter methylation. This 

epigenetic change is related to an increased overall survival of an approximately an 

extra six months due to the increased sensitivity to TMZ, the first line treatment for 

GBM (Hegi et al., 2005). Another relevant marker is the mutation status of the gene 

IDH1, which encodes the enzyme isocitrate dehydrogenase-1, with the most common 

mutation being the IDH1-R132H (Preusser et al., 2011). Similarly to MGMT 

methylation, IDH1 mutations are a good prognosis marker for the disease, with patients 

carrying the IDH1 mutation and the MGMT hypermethylation having the longest 

survival (Bleeker et al., 2012). 

GBM has been classified differently by various authors. The most commonly used 

classification divides GBM into four categories regarding the molecular mechanisms 

driving tumour formation and/or continuation: classical subtype, in which tumour cells 

have an overall higher expression of epidermal growth factor receptor (EFGR), usually 

carrying extra copies of the EGFR gene; and showing no alteration of the tumour 

protein p53 gene (TP53). The proneural subtype on the other hand, shows high rates 

of alteration in TP53/p53 as well as platelet-derived growth factor receptor (PDGFR) 

and IDH1. The mesenchymal subtype is characterized by the genetic alterations of the 

neurofibromin 1 gene, NF1; with a lower EGFR expression than the classical subtype 

and more alterations in PTEN. Finally, the neural subtype is characterized by the 

expression of neuronal markers like synaptotagmin 1 (SYT1), potassium-chloride 

transporter member 5 (SLC12A5),  gamma-aminobutyric acid receptor subunit alpha-1 

(GABRA1) and neurofilament light polypeptide (NEFL) (Verhaak et al., 2010).  

1.3.2 Brain and glioblastoma microenvironment 

In the healthy brain, between 15 to 20 % of the volume is occupied by extracellular 

material; the rest of the brain consists mainly of astrocytes, neurons and endothelial 

cells, in addition to a lesser amount of other cells such as microglia, fibroblasts and 

neural stem cells (Quirico-Santos et al., 2010). The molecules present in the ECM of the 
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brain are many (figure 1.5 A-B), with the most abundant ones being types of 

carbohydrate molecules unbound to proteins called glycosaminoglycans (GAGs). The 

most important GAG present in the brain is hyaluronan (HA), which is not only the 

major component due to concentration and support functions, but also has an active role 

in the brain by binding to specific receptors in the cell membrane including cluster 

determinant 44 (CD44) or receptor for hyaluronan-mediated motility (RHAMM) 

(Bourguignon et al., 2014a; Misra et al., 2015). CD44 is a cell-surface glycoprotein 

which regulates cell adhesion, migration and cell-cell interaction. It is involved in the 

activation of immune responses, homing and haematopoiesis, and it is believed to have 

a role in tumour metastasis. The interaction between HA and CD44 causes a HA-

dependent migration of cells mediated by the activation of c-Src tyrosine kinase 

(Bourguignon et al., 1997) and also through other mechanisms, the best described being 

the activation of ras homolog gene family, member A (RhoA) and ras-related C3 

botulinum toxin substrate 1 (Rac1) GTPases (Oliferenko et al., 2000). These 

mechanisms have been studied for their relevance in the migration of malignant cells 

(Bourguignon et al., 1998), and also for the maintenance of some stem cell features such 

as homing into the stem cell niche, quiescence and apoptosis resistance in not only 

haematopoietic stem cells, but also cancer stem cells (Bourguignon et al., 2014b; Zöller, 

2015). Similarly to CD44, RHAMM receptors have been proven to contribute to the 

motility of cells in the form of focal adhesions and lamellipodia generation, contributing 

to oncogenesis and tumour cell migration (Misra et al., 2015) due to the fact that 

RHAMM receptors can phosphorylate protein kinases including c-Src, extracellular 

signal-regulated kinases (ERK) or protein kinase C (PKC) (Hall et al., 1996, 1996; 

Lokeshwar and Selzer, 2000) and that intracellular RHAMM can regulate ras-family 

GTPases (Hall et al., 1996; Zhang et al., 1998). 
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Figure 1.5. Glioblastoma – brain microenvironment 

Main components of the interface between GBM and healthy brain highlighting 

the importance of different molecules present in GBM, brain and the tumour-

brain interface. Adapted from Wiranowska and Rojiani, 2011.  

Brain/Tumour 
interface 

Invasive 
GBM 

Normal 
brain 

HA 

BEHAB/
brevican 

Tenascin-
C 

HA 

PGs PGs 

HA 

PGs PGs 

HA 

HA 

CD44 MMPs 



 

16 

There are also protein-linked carbohydrates, called proteoglycans, present in the ECM 

of the brain at high concentrations. Proteoglycans are very diverse due to the variation 

in the protein core and the GAG side chains. The most common ones are sulphated 

proteoglycans such as chondroitin sulfate proteoglycans (CSPGs), e.g., lecticans; and 

heparan sulfate proteoglycans (HSPGs), e.g., glypicans and syndecans. (Wiranowska 

and Rojiani, 2011).  

Regarding well-studied structural proteins such as collagens, fibronectin or laminin, 

they are limited to the vasculature and almost absent in the rest of the healthy brain. 

This contrast with the ECM present in glioblastomas, where higher levels of these 

proteins are present (Mahesparan et al., 2003). This, however, is not the only difference 

between glioblastoma and normal brain microenvironment. The secretion of HA in the 

ECM is increased in GBM due to the constitutively production of HA during 

proliferation by glioma cells. This increase is thought to contribute to the invasiveness 

of tumours (Wiranowska et al., 2010). The synthesis of HA by glioma cells’ HA-

synthases is enhanced by EGF activity, which is often upregulated in GBM through 

constitutively activation of EGFR or deletion of PTEN (Knudson and Knudson, 1993; 

Park et al., 2008). CSPGs are upregulated in the developing brain and in a similar way, 

also during GBM, promoting cell migration. Lecticans, a group of CSPGs which bind 

lectin and HA, includes important ECM molecules like versican, aggrecan and brain 

enriched hyaluronic acid binding protein/brevican (BEHAB/brevican), which are 

considered linkers to other ECM components and are involved in GBM, especially by 

increasing cell motility (Sim et al., 2009). Versican is expressed by migratory cancer 

cells and interacts with EGFR, activating ERK signalling; versican and brevican can 

both form a complex with mesenchymal matrix in GBM but not with the ECM of 

healthy brain (Sim et al., 2009). Another CSPG molecules present in the ECM of the 

brain are phosphacan, enzyme involved in haptotactic migration (Bourgonje et al., 

2014);  neuro-glial antigen-2 (NG2), a marker for oligodendrocyte progenitor cells and 

pericytes, which is overexpressed in GBM and some groups have proposed these NG2 

overexpressing cells as originating cells for gliomas (Stallcup and Huang, 2008). NG2 

is found in highly migratory glioma cells but not in static cells. This differential 

expression in motile cells and the fact that it is also expressed by pericytes and 

therefore, expected to be involved in vasculogenesis, have led researchers to believe that 
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NG2 may be one of the most important CSPGs in GBM progression (Lin et al., 1996; 

Stallcup and Huang, 2008; Wiranowska and Rojiani, 2011). Tenascin C and tenascin R, 

oligomeric glycoproteins present in brain and GBM, are involved in regulation of 

matrix metalloproteinase expression and therefore in the remodelling of ECM. A higher 

expression of tenascins has been observed in GBM and they are thought to contribute to 

the tumour spreading (Brösicke and Faissner, 2015; Tucker and Chiquet-Ehrismann, 

2015). Galectins, lectines that can bind mannose, have also been studied for their 

involvement in GBM development. Gal-1 and Gal-3 are splicing factors in 

ribonucleoprotein complexes like the spliceosome, in an independent way of their 

sugar-binding capability (Haudek et al., 2010). Both are known to be part of the neural 

development in the healthy brain and are often overexpressed in GBM contributing to 

tumour progression and invasion (Baker et al., 2014; Jung et al., 2008). 

Glioblastomas are very heterogeneous tumours both in terms of cancer cells, and 

stromal cells (Charles et al., 2011; Patel et al., 2014). Tumour heterogeneity is common 

to most cancer types, and it is believed to originate from a combination of different 

sources, which would explain the discrepancy between results by different groups. The 

main mechanisms are differential clonal evolution, microenvironment variability and 

reversible changes in the properties of the cells in a hierarchical-independent manner 

(Figure 1.6) (Magee et al., 2012; Meacham and Morrison, 2013).  When analysed, the 

cells within GBM showed not only subpopulations with different genetic alteration such 

as copy number of EGFR and aberrations in PTEN (Sottoriva et al., 2013), but also 

subpopulations with variable drug sensitivity which can contribute to tumour resistance 

and resurgence, since the resistant clones, now with less evolutionary pressure and 

space to grow, can start new focal points for tumour growth, thus developing diffuse 

drug-resistant new tumours through micro-dispersion (Easwaran et al., 2014; Schmidt 

and Efferth, 2016; Soeda et al., 2015; Waclaw et al., 2015). 
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Figure 1.6. Tumour heterogeneity 

Representation of possible origins of tumours that can explain tumour 

heterogeneity. (A) Genetic or epigenetic clonal evolution, based on individual 

cells acquiring a mutation and deriving new populations that can be malignant, 

benign or unable to survive. (B) Environmentally determined effects on cancer 

cell properties, where the different populations arise as a consequence of the 

microenvironment with which they are interacting. (C) Cancer stem cell model, 

based on the presence of a cell subpopulation, cancer stem cells, being the only 

which can generate all other populations and therefore being responsible for 

tumour propagation and survival. (D) Integrated theory considering the 

possibility of having a combination of the other three models and thus 

assuming that tumour heterogeneity arises from cancer stem cells, cancer cells 

which acquired mutations and influenced by the tumour microenvironment. 

Adapted from Magee et al., 2012. 
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In addition to the heterogeneous tumour cells, as extended in 1.2., stromal cells are an 

important part of the tumour mass with an active role and a prognostic value. The most 

relevant stromal cell type in GBM are microglia, accounting for up to 30 % of the 

GBM tumour mass (Charles et al., 2011). Microglia is the term for the resident 

macrophages present in the brain and are therefore, part of the immune system of the 

brain and involved in neuroinflammatory processes (Prinz and Priller, 2014). The 

microglia present within a tumour are called tumour-associated microglia, a subtype of 

TAMs. There is some debate about whether these cells are resident microglia or 

macrophages that are able to migrate to the brain. To address this, experiments 

measuring CD45 expression have been performed. CD45 is low in microglia while 

higher in peripheral macrophages. They found that CD45-high cells were present within 

the tumour and not the brain tissue, concluding that macrophages might be being 

recruited to the tumour site (Badie and Schartner, 2000; Parney et al., 2009). However, 

the fact that CD45 expression is lost when these cells are further cultured, raise the 

question of whether the cells are actually peripheral macrophages or microglia that 

undergoes phenotypic changes including CD45 upregulation. Only recently, it has been 

shown using radiated chimeras, that CD45 can indeed be regulated in resident microglia 

and that the previous experiments showing macrophage recruitment are likely to be 

cause by an artefact (Müller et al., 2015). This, however, has also been challenged by 

groups stating the limitations of this work, being the main one the lack of lineage 

tracing experiments (Hambardzumyan et al., 2016).  

Microglia are recruited into the tumour site by local release of chemoattractant 

molecules such as monocyte chemoattractant protein 1 (MCP1) and colony stimulating 

factor 1 (CSF-1) by glioma cells very similarly to the previously described TAMs, 

1.2.2. And like them, GBM associated microglia also have a direct effect on tumour 

cells by promoting proliferation and tumour survival mostly through interleukins, e.g., 

IL-1β, IL-6; and growth factors, e.g., TGF-β, EGF (Hambardzumyan et al., 2016); and 

tumour migration through matrix remodelling by secreting metalloproteinases such as 

MMP2 and MMP9 (Rao, 2003). In addition to these effects, they have been shown to 

have a suppressed immune function (Graeber et al., 2002; Yang et al., 2010), further 

collaborating in tumour progression and being considered a generally bad prognosis 

indicator (Poon et al., 2017).  



 

20 

Although present in lower numbers, T-lymphocytes are also detected in more than 50 

% of GBM tumours, being more frequent in the more malignant ones (Sherbet, 2015). 

Although the correlation between T-cells infiltration and prognosis has been 

controversial (Dunn et al., 2007), T-cells present in GBM are usually 

immunosuppressive regulatory T-cells (Tregs) which a low proportion of CD4+ T-cells, 

contributing to the immunosuppressive microenvironment (Zhang et al., 2016b). Recent 

studies found an inverse correlation between CD8+ infiltration and tumour grade, and 

the opposite for CD4+ cells. The presence of CD4+, CD8+ or forkhead box P3 (FoxP3)+ 

cells alone was unable to predict clinical outcome; however, high CD4+ low CD8+ was 

observed to be a negative prognosis indicator (Han et al., 2014). 

GBM associated fibroblasts can be activated by the tumour cells into a CAF phenotype 

that can play a role in tumour invasion and proliferation. In vitro studies has shown that 

CAF-conditioned media enhances migration of established GBM cell lines without 

influencing the proliferation of the cells (Trylcova et al., 2015). GBM-associated 

stromal cells (GASCs) present at the tumour-brain interface have been isolated and 

characterized recently, and seem to have tumour-promoting effects, expressing a 

different subset of proteins when compared to non-GBM samples; these proteins are 

associated with wound healing, angiogenesis and high-motility myofibroblasts 

(Clavreul et al., 2014a). When these cells were characterized in more detail through 

transcriptome and methylome assays, two subtypes of cells were identified, GASC-A 

and GASC-B; showing that GASC-B cells were endothelium and tumour-promoting 

cells while GASC-A cells did not affect tumour growth. This study however, was only 

performed using the cell line U87MG subcutaneously implanted in nude-mice and the 

in vivo relevance is yet to be determined (Clavreul et al., 2014b). 

In addition to the direct effects of CAFs or GASCs on GBM cells, there is an important 

indirect effect for tumour progression due to the ECM remodelling through MMPs, 

which allow cancer cells to migrate  (Charles et al., 2011; Sameshima et al., 2000) and 

neovascularization through VEGF, contributing to the survival of the tumour (Kaya et 

al., 2016). 
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An important component of the GBM microenvironment are the cancer stem cells 

(CSCs) also known as brain tumour stem cells, or glioma stem cells (GSCs). These cells 

were identified by different groups in the early 2000’s, creating a debate about the 

correct classification of the cells (Galli et al., 2004; Hemmati et al., 2003; Ignatova et 

al., 2002; Singh et al., 2003). To this date, there has been no uniform nomenclature and 

classification of these type of cells, which has led to confusion and disparities among 

publications (Lathia et al., 2015). The common characteristics of GSCs are: self-renewal 

capability, proliferation and tumour initiation when implanted on an animal; also, many 

GSCs have in common the ability to differentiate into multiple lineages, their low 

abundance among bulk tumour cells and stem cell marker expression e.g., CD133, 

CD44, Sox2 or Nestin (Lathia et al., 2015). 

Other less studied cell types present in the GBM microenvironment that have been 

shown to have a potential impact in tumour progression are: endothelial cells, which 

can help maintain the cancer stem cell population in addition to mediating angiogenesis 

(Charles et al., 2011); astrocytes, which can help tumour remodelling through MMPs 

(Bodey et al., 2006) and have a direct effect on GSCs, increasing their migration 

capability (Rath et al., 2013); and pericytes and vascular smooth muscle cells (VSM), 

involved in the maintenance of the tumour endothelial tissue, and that can also increase 

vascular permeability. Also noticeable is the fact that tumour cells have been detected 

forming vasculature-like structures which offer the tumour an environment in which 

proliferation is favoured (Bao et al., 2014; Svensson et al., 2015; Takeuchi et al., 2010). 

1.4 Cell cultures 

Experimental systems using cell cultures have been used for more than one hundred 

years. In 1885, Willhelm Roux established the basis of tissue culture by maintaining 

embryonic chicken tissue in a warm buffer for several days (Roux, 1885; Sander, 1997). 

In 1907, Ross Harrison successfully introduced the precursor of modern tissue cultures. 

This new technique was based on explantation of neural tube fragments from frogs, 

which were then grown in a hanging drop of lymph. With this experimental set-up the 

neuron doctrine was proved (Harrison et al., 1907). 
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Following Harrison’s discovery, Alexis Carrel and Montrose Burrows from the 

Rockefeller Institute; New York, developed a similar procedure to culture warm 

blooded tissues by changing lymph for chicken plasma clots in 1911 (Carrel and 

Burrows, 1911a). They managed to culture both embryonic and adult tissues form dog, 

cat, rat, chicken and guinea pig. They soon introduced the concept of sub-culturing, by 

cutting the explants into smaller pieces and transferring them to fresh clots (Carrel and 

Burrows, 1911b). 

Carrel’s lab claimed to have achieved the indefinite subculture of a cell line using chick 

embryo extract as a supplement for chick heart fragments. This cell line survived 

hundreds of passages and outlived Carrel. The experiment was never replicated and 

Carrel’s claim of all cells being immortal was proved wrong (Hayflick, 1997; Hayflick 

and Moorhead, 1961).  

It was also in Alexis Carrel’s lab that in 1923 the first cell culture flask was introduced, 

predecessor of the ones currently used (Carrel and Ebeling, 1923). Since then, tissue 

culture flasks have been the most commonly used substrate in which cells are grown, 

providing a reproducible and convenient culture system which has allowed a spectacular 

progress in biology-related disciplines (Freshney, 2011). 

1.5 3D culture systems 

The importance of 3D culture systems was first highlighted thanks to the work of Mina 

Bissell’s group in the 1980s. Their work emphasised that the ECM was an important 

element in recapitulating cell functions for cellular models (Bissell et al., 1982). This 

was a concept that they kept exploring in following years describing how the ECM and 

three-dimensionality influences aspects such as the formation of acinar structures in 

both healthy, and cancerous breast tissue (Petersen et al., 1992). Here, they showed that 

it was possible to grow primary breast cancer cells by using a 3D system. While 

established breast cancer cell lines are easy to grow in normal monolayer culture, 

primary cancer cells can be challenging. By culturing the cells on a reconstituted 3D 

basement membrane, Bissell’s group managed to overcome this and over several years 

identified numerous additional processes influenced by the culture environment. These 

included the differential secretion profile of GAGs in primary mouse mammary 
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epithelial cell models cultured in three-dimensional culture compared to traditional on-

plastic culture (Parry et al., 1985); and the alteration in protein secretion such as 

gamma-casein or whey acidic protein when cells grow on collagen matrices (Lee et al., 

1984). 

In the last 15 years, the interest in 3D cultures has increased dramatically as differences 

between classical adherent tissue culture plastic culture, simplistically called 2D in the 

literature and also this work, and 3D culture models have been proved to be of high 

relevance. This change in researchers mentality, together with the recent development 

of more advanced techniques for the culture of 3D models, have resulted in an 

exponential trend which can be observed by looking at the number of publications for 

“3D culture” in PubMed (Corlan, 2017) (Figure 1.7). 
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Figure 1.7. Trendline for “3D culture” publications 

Graph showing the trend since 1980 until the present as articles available in 

Pubmed per year in both absolute number of publications (gray line) and as a 

relative percentage of all available articles (black line) in %000 for the query “3D 

culture”. Both trends show a constant increase in the research interest, especially 

in the last 10 years. Data accessed from Alexandru Dan Corlan. Medline trend: 

automated yearly statistics of PubMed results for any query, 2004. Web resource 

at URL:http://dan.corlan.net/medline-trend.html. Accessed: 2017-06-21. 

(Archived by WebCite at http://www.webcitation.org/65RkD48SV) 
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1.5.1 General characteristic of cells in a 3D environment 

Whenever cells are grown in 3D culture, it is generally accepted that they behave in a 

way that is more representative of the in vivo reality that a traditional 2D culture (Bissell 

et al., 2003; Ravi et al., 2015). 

Regarding cell morphology, important changes in cell shape can be observed when cells 

are grown in a 3D environment. Many cells adopt an ellipsoid shape that can be 2 to 10 

times thicker than 2D cultures. Morphology in classical 2D cell cultures is relatively 

flat, with some anchorage points which allow cell attachment to the plastic (Pampaloni 

et al., 2007). 

An important feature of 3D cultures is that cells are exposing nearly all their surface for 

interaction with either other cells or the matrix in which they are embedded. 2D cultures 

can only allow limited interaction with a small number of surrounding cells, reducing 

the probability of direct intercellular communication. Additionally their ECM 

interaction is exclusively with one side of the cell with tissue culture plastic, which is 

able to recapitulate neither the biochemical interaction with cells, nor the mechanical 

properties of the ECM found in vivo (Smalley et al., 2006).   

Several different studies have shown 2D vs 3D differences in protein and mRNA levels 

(Diament and Tuller, 2017; Louis et al., 2017; Roskelley et al., 1994), proliferation and 

viability (Khaitan et al., 2006; Kim, 2005; Tibbitt and Anseth, 2009), differentiation 

(Khodarev et al., 2004; Menendez et al., 2013; Park et al., 2011; Wozniak et al., 2003) 

or drug metabolism and response (Gomez-Roman et al., 2016; Pereira et al., 2017). In 

order to address these differences and to better recapitulate in vivo biology, several 3D 

systems have been generated. 

1.5.2 Scaffolds 

The basis of this approach is to try to fabricate a three-dimensional structure, as similar 

as the real extracellular matrix as possible, in which cells can be grown. The choice of 

biomaterial has a great impact on the characteristics of the construct. Most scaffolds for 

tissue engineering application are hydrogels which can originate from either natural, 
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synthetic or hybrid polymers. The most important features scaffolds have to fulfil are: 

optimal cell attachment and the provision of a permissive environment for cell 

migration through the structure. They also should allow adequate diffusion of nutrients, 

oxygen and waste, provide an active mechanical support, and enable cell proliferation 

and survival (Fischbach et al., 2007; Szot et al., 2011). 

1.5.3 Spheroids 

One of the most commonly found 3D cell culture strategies is the generation of 

spheroids. Spheroids are cell aggregates including one or more cell lineages that are 

encouraged to interact with each other by avoiding their attachment to any exterior 

matrix. This can be achieved through several different techniques (Figure 1.8) 

(Fennema et al., 2013). 

Cellular spheroids provide an intermediate system between classical 2D cultures and 

real tissue structures. Spheroids are achieved by making the attachment of cells to the 

material in which they are suspended less favourable than to other cells. That way, cells 

form a 3D structure by cell-cell interaction (Fennema et al., 2013). Unlike scaffold 

systems, spheroids are not necessarily grown using a matrix to support themselves 

although scaffolds may be used to generate spheroids. Spheroids can be made by 

different methods including: (i) liquid overlay technique; based on the constant stirring 

of cell culture medium, normally using a bioreactor or spinner flasks. This method 

cannot be used to control the size of the aggregates (Sutherland et al., 1971; Want et al., 

2012). (ii) Hanging drop methods; after the deposition of a cell suspension on a 

surface, the culture is turned over. This way the cells fall to the bottom, at the interphase 

between liquid and air and thus, spheroids are formed. These techniques allow the 

precise control over the number of cells forming each aggregate and can be scalable for 

higher throughput analysis when done in 96- or 384-well plates (Hsiao et al., 2012; 

Tung et al., 2011). (iii) Culture on non-adherent surfaces; in which non-adherent 

tissue culture plastic or culture dishes coated with a material which does not allow cell 

attachment are used. Due to the lack of cell-material interaction, cells accumulate at the 

centre of the dish and are forced to interact with each other providing spheroids. 

Traditionally this was done using round-bottom non-adherent plates; however, a variety 

of platforms have appeared which are made of a high number of micro-wells, resulting 
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in the simultaneous formation of many spheroids minimising the waste of culture 

reagents (Markovitz-Bishitz et al., 2010; Napolitano et al., 2007; Rivron et al., 2012; 

Truckenmüller et al., 2011). (iv) Microfluidic techniques; the recent development of 

more sophisticated microfluidic technology has helped in the development of 

continuous production of controllable-sized spheroids using microfluidic channels. 

While these methods are promising, the technology still must mature to be able to 

provide researchers with a reliable and affordable platform for the formation of 

spheroids (Agastin et al., 2011; Jeong et al., 2016; Khademhosseini et al., 2007; 

Kwapiszewska et al., 2014; Patra et al., 2016) . 

1.5.4 Organoids 

The use of scaffolds, spheroids and other 3D systems can provide a scenario that is 

closer to real tissue due to the incorporation of cell-cell and cell-ECM interactions 

which mimic the in vivo situation of a tissue. However, while the three-dimensionality 

can be achieved, the complete structure and function of a tissue cannot be completely 

recapitulated (Fatehullah et al., 2016). A strategy to overcome that limitation is the 

formation of organoids; small multi-cellular aggregates which can self-organise and 

recapitulate some or all functions of an organ. Organoids have been studied for a long 

time, first through experiments studying the capability of dissociated sponge cells to 

regenerate a full new organism by cell self-organisation (Wilson, 1907) and through 

experiments of dissociation-reaggregation of amphibian pronephros (Holtfreter, 1944). 

Holtfreter hypothesised that there are changes in the affinity between cells during 

development that were guiding morphogenesis, he called it selective affinity (Townes 

and Holtfreter, 1955). However, little was known about the mechanism underlying 

those processes and how to control them.  

During the XX century, organogenesis started to be unravelled thanks to experiments 

forming different organs from embryonic chick cells (Weiss and Taylor, 1960) and the 

description of embryoid bodies in vitro (Pierce and Verney, 1961); which led to the 

introduction of the differential adhesion hypothesis by Malcom Steinberg, whom 

described the selective affinity hypothesis of Johannes Holtfreter using thermodynamic 

principles, thus giving a mechanism for cell sorting and arrangement (Steinberg, 1962a, 

1962b, 1962c).  
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The most important technological advance in the organoid field was probably the 

development of intestinal organoid culture systems from disaggregated crypts by Hans 

Clevers’ group (Sato et al., 2009). In this new approach to in vitro organogenesis, Lgr5+ 

stem cells were isolated and suspended in Matrigel; then, through a complex process 

using key endogenous stem cell niche stimuli such as activation of WNT pathway and 

bone morphogenic protein (BMP) inhibition among others, cells can self-organise and a 

stable culture of near-physiological crypt-like and villus-like structures can be 

maintained in a long-term manner. These systems not only maintained the Lgr5+ 

population but also achieved a remarkable recapitulation of physiological progenitor 

and differentiated cell types found in intestinal crypts.  

Since the generation of the first organoids from embryonic stem cells, several types of 

organoids have been successfully generated (Table 1) by selectively differentiating the 

stem cells using different protocols generally involving a cocktail of cytokines and 

inhibitors (Fatehullah et al., 2016). 

Most authors agree that to be considered organoids, the experimental system must fulfil 

three main requisites: (i) It must contain different organ-specific types of cells. (ii) It 

should recapitulate at least some specific functions of the organ that it is trying to 

mimic. (iii) It must show a similar spatial organization (Clevers, 2016; Fatehullah et al., 

2016; Lancaster and Knoblich, 2014; Yin et al., 2016).  

There are two main mechanisms to explain the principle of self-organisation in the 

formation of organoids, and therefore, in vivo organogenesis as well: First, Steinberg’s 

differential adhesion hypothesis, based on the segregation of cells with similar adhesive 

properties into domains that achieve the most thermodynamically stable pattern. The 

fate of the structure is determined by cell surface adhesion proteins, e.g., neural and 

epidermal ectoderm separation in vertebrates. Secondly, spatially restricted progenitor 

development. The formation of the organoid is due to a spatial limitation in the growth 

in some axis. A clear example of this mechanism is the formation of vertebrate’s retina. 

In addition, a combination of the other two methods can be observed. This mechanism 

can be found in the formation of teratomas (Lancaster and Knoblich, 2014). 
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Organoids offer a system that is believed to be closer to real organs than any other 3D 

culture. The fact that induced pluripotent stem cells (iPSC) can be used, makes this 

system particularly useful for potential therapies and the control of genetic background. 

The use of patient-derived cells allows the organoids to be implanted without problems 

of immune response by the host. In addition, organoids provide a more realistic model 

than immortalized cell lines due to the fact that, unlike cell lines, organoids have not 

been in culture for decades accumulating several mutations and being derived from a 

single clone which does not undergo senescence (Osherovich, 2013). 

 

Tissue Source Organoid 

morphology 

Cell types in organoid Downstream 

applications 

tested 

Types of human 

diseases modelled 

Lingual Mouse lingual 

stem cells 

Spherical and 

budding organoids 

-Stratum corneum 

-Keratin 5/14+ stem/progenitor 
cells 

-Granular cells of intermediate 

epithelial origin 

-Tamoxifen 

inductions 
-Lineage tracing 

-Engraftment 

studies 

Lingual carcinoma 

Taste bud Murine 

circumvallate 

tissue 

Spherical and 

budding organoids 

-Lgr5+ stem cells 

-Lgr6+ stem/progenitor cells 

-UEA/K8+ intragemmal taste 
bud cells 

-Gustducin-expressing, T1R3-

expressing mature taste 
receptor cells 

-Sox9+ proliferative cells in 

budding regions 

-Functional 

assays 

-Gene 
expression 

analysis 

-Cell cycle 
analysis 

 

Salivary 
gland 

Primary mouse 
cells 

-Ductal branching 
organoids 

-Lobular spherical 

organoids 

-CD24hi/CD29hi stem cells 
-Cytokeratin 7/18+ duct cells.  

-Aquaporin5-expressing acinar 

cells 

-Gene 
expression 

analysis 

-Transplantation 
studies 

Hyposalivation 

Oesophagus Mouse/human 

adult 
oesophageal 

tissue 

-Spherical 

multilayered 
organoids 

-Human Barrett's 

oesophagus 
organoids: budding 

morphology 

-CK14+, p63+ small basal cells 

in the outer layer, large basal 
cells in the middle layer, and 

CK13+ cells in the central 

keratinized layer 
-Integrin α6/β4

low differentiated 

and integrin α6/β4
hi stem cells 

-Barrett's oesophageal 

organoids express goblet cells 

following differentiation. 

-Tamoxifen 

inductions 
-Gene 

expression 

analysis 

Barrett's 

oesophagus 
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Stomach -Mouse/human 

adult tissue 

-Mouse/human 

ESCs 

-Human iPSCs 

-Pylorus and corpus: 

spherical organoids 

-FGF10-driven 

budding events in 

pyloric organoids 

-Pylorus: Lgr5+ stem cells, 

mucous neck cells, pit cells, 

enteroendocrine cells 

-Corpus: chief cells, mucous 

neck cells, pit cells 

-Microinjection 

and infection 

model for H. 
pylori 

-Transcriptome 

profiling 
-Co-culture with 

mesenchymal 

cells 
-Adeno 

/retroviral 

transfections 

-H. pylori infection 

-Cancer 

Intestine -Adult tissue 
-Mouse/human 

ESCs 

-Human iPSCs 

-Normal tissue: 
branching organoids 

-Diseased tissue: 

cystic and other 
morphologies 

-Crypt-like domain contains 
Lgr5+ stem cells and paneth 

cells 

-Villus-like domain harbours 
villin+ cells 

-Enteroendocrine and goblet 

cells scattered throughout 
organoid 

-Transplantation 
studies 

-CRISPR/Cas9 

gene editing 
-Cancer 

mutations 

-Transcriptome 
profiling 

-Cancer 
-Cystic fibrosis 

-Infection model for 

viral and bacterial 
infection 

Colon -Adult tissue 
-Mouse/human 

iPSCs 

-Normal tissue: 
budding organoids 

-Diseased tissue: 

cystic morphologies 

-Lgr5+ stem cells 
-Enteroendocrine cells 

-Goblet cells 

-Enterocytes 

-Transplantation 
studies 

-Transcriptome 

profiling 
-Biobank 

-IBD 
-Cancer 

Liver -Mouse adult 

tissue 
-Human iPSCs 

-Mouse organoids: 

spherical 
-Human organoids: 

cystic 

-Lgr5+ stem cells and bile duct 

cells 
-Hepatocytes observed after 

inhibition of Notch & TGF-β 

pathways 
-Human organoids contain 

Lgr5+ stem cells, ductal cells 

and hepatocytes 
-Cholangiocyte organoids 

express differentiation markers 

such as apical sodium-
dependent bile acid transporter, 

secretin receptor, cilia and 

CFTR. 

-Transplantation 

studies 
-Transcriptome 

profiling 

-Adenoviral 
transduction 

-Whole-genome 

sequencing 
-CFTR 

functional 

assays 

-Alagille syndrome 

-Cystic fibrosis 

Pancreas Mouse/human 

adult tissue 

-E10.5 tissue: 

branching organoids 

-Adult tissue: 
budding organoids 

-Ductal organoids contain 

Lgr5+ stem cells 

-Organoids from E10.5 murine 
pancreas can be differentiated 

into exocrine and endocrine 

cells 

-Engraftment 

studies 

-Lineage tracing 
-Adenoviral 

transduction 

-Transcriptome 
profiling 

Cancer 

Prostate Mouse/human 
adult tissue 

-Normal tissue: 
spherical 

-Diseased tissue: 

branching similar to 

morphology of 

cancerous organoids 

-Cytokeratin 5/p63+ basal cells 
-Cytokeratin 8+ luminal cells.  

Lgr4/Lgr5+ cells 

-Tamoxifen 
inductions 

-Lentiviral 

infections 

Cancer 
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Lung -Mouse foetal 

pulmonary 

cells 

-Human 

ESCs/iPSCs 

Spherical organoids -Uniform proximal Sox2 and 

distal Sox9 expression 

-Proximal-like domains 

included basal, ciliated and club 

cells that were surrounded by 

smooth-muscle actin 

-Transplantation 

studies 

-Cancer 

mutations 

-RNA 

sequencing 

Cystic fibrosis 

Retina Mouse ESCs Spherical organoids -Outer layer recapitulates 
retinal pigment 

-Invaginated layer resembles 

retinal optic cup containing 
photoreceptors, ganglion cells, 

bipolar cells and Muller glia 

- - 

Inner ear Mouse ESCs Budding organoids -Functional prosensory vesicles 
-Otic vesicles also generate 

functional inner-ear hair cells 

- - 

Brain -Mouse/human 

ESCs 
-Human iPSCs 

-Patient skin 

fibroblasts 

-Early-stage 

spherical organoids 
-Later-stage 

budding organoids 

-Early-stage organoids contain 

continuous neuroepithelia 
-Cerebral cortical regions 

contain outer radial glia and 

cerebral cortical neurons 

-Transfection 

-Transcriptome 
profiling 

-Electrical 

excitation 

-Autism 

-Microcephaly 

Kidney Human iPSCs -Early-stage 

spherical organoids 

-Differentiated 
stages have budding 

morphology 

Differentiated organoids exhibit 

segmentation as ducts, tubules 

and glomeruli 

Toxicity 

screening in 

response to 
cisplatin 

- 

 

Table 1.1. Organoid models described up to 2016. Modified from Fatehullah et al., 

2016. 

 

Although organoids provide a useful and representative model for biological research, 

they have some clear limitations. First, the use of stem cells has ethical problems 

associated and can be difficult to obtain for many researchers. Also, the managing of 

these cells is not easy and requires special training and facilities. The ethical difficulties 

can be improved by using iPSC, but the therapeutic use of those cells in human patients 

is still not considered safe, especially because of the possibility of developing teratomas 

(Medvedev et al., 2010). Also, the absence of blood vessels in the organoids limits the 

size of them since the cells in the centre of the structure are often in hypoxic condition; 

this means that to this date, organoids are small and unable to recapitulate many 

functions form the native organ (Kelava and Lancaster, 2016). Another issue to consider 

is the lack of native microenvironment, which does not allow the study of the 

interaction of cells with their niche and immune environment. In these models, many 

cell linages present in the real organ are missing (Osherovich, 2013). Most organoids 
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have been grown in Matrigel, which does not account for the inter-tissue variability of 

the physiological ECM. In addition, Matrigel is not able to recreate the mechanical 

interaction with developing cells or the cytokine gradients. The lack of modelling in the 

ECM also means that drug screenings are compromised, since the molecule penetration 

in the matrix cannot be regulated. Finally, the actual methods for the development of 

organoids require the use of sophisticated cell culture medium to drive the 

differentiation. The use of these additives, usually human recombinant proteins, means 

that the cost of generating organoids is high (Fatehullah et al., 2016; Lancaster and 

Knoblich, 2014) 

1.5.5 3D printing 

A different and recent approach to spatially control the position of cells is by 3D 

printing. 3D printing origins go back to 1986, when Charles Hull patented the process 

known as stereolithography (Hull, 1986). The method was based on the deposition of 

layer after layer of a material which is a liquid when being deposited, but it becomes 

solid when UV light is applied.  

In the last decades, stereolithography has been used for rapid prototyping and 

manufacturing of a variety of objects and although it has not been used widely for 

commercial tissue engineering and clinical applications, the potential of this technique 

is still considerable (Melchels et al., 2010). Its use in tissue engineering has been 

challenging due to the difficulty of finding materials that allow the correct viability and 

function of cells. Usually porous scaffolds are fabricated and cells are later seeded and 

allowed to attach. This carries problems such as non-uniform cell distribution and 

limited cell density, in addition to the lack of control in the distribution of different 

lineages of cells. There have been some efforts to use cell-containing materials for 

direct cell-laden fabrication of the structures; however, the use of photo-initiators limits 

cellular survival and proliferation and the intrinsic properties of the printing method 

favour the non-homogeneous distribution of cells. Also, there is a limitation in the 

material choice that can be compatible with the fabrication process therefore limiting 

biological relevance (Melchels et al., 2010; Skoog et al., 2014). 
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Parallel to the stereolithography technology, 3D printing has been evolving and 

currently there are several kinds of 3D printers commercially available using different 

methods, offering a wide range of possibilities for an automated creation of a 3D 

structure.  

The interest in 3D printing technology has increased steeply in the last years due to the 

advancements achieved, the versatility of the technology and the expiration of patents 

that limited the extensive use of 3D printing. The process is based on a three-axis 

positioning system which can deliver a material through different additive methods. The 

control of the machine depends first on the computer model of the 3D structure. Using 

computer-aided design (CAD) software, the 3D structure is planned and the precise 

measurements entered. Then, a file containing the volume mesh is exported which is 

transformed into information for the layers that are to be printed. The machine can then 

follow the spatial information to form the final structure, aided by the correct 

personalized parameters entered by the user such as the printing speed, cure time or 

nozzle size (Sears et al., 2016). 

The possibility to spatially control the deposition of a material in a specific shape soon 

attracted the attention of bioengineers. In the last decade, 3D printing technology has 

been used for many biomedical applications, usually to form scaffolds which can 

recapitulate the function of some body structure e.g., bone, teeth and joints (Ozbolat and 

Yu, 2013) but also as a substrate in which to grow cells for tissue regeneration thanks to 

the rapid, highly precise and customized fabrication of tissues (Gu et al., 2016). 

Different 3D printing processes are available at the moment with their own advantages 

and disadvantages depending on the desired application. The main printing strategies 

for tissue engineering applications, other than stereolithography can be classified into 

three categories: inkjet-based systems, extrusion-based deposition and laser-based 

writing of cells. 
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1.5.5.1 Inkjet-based system  

In a very similar fashion to regular inkjet printers, the process is based on the deposition 

of drops from a solution of a material containing cells i.e., bioink, which is stored in 

cartridges. Construct structure is designed in a computer and then printed by a non-

contact dropping technique (Boland et al., 2006). Drop generation can be achieved 

mechanically through different mechanisms such as thermal, piezo-electric and 

electrostatic methods. In thermal bioprinting, a heater unit creates a bubble which 

collapses when the heating stops. This quick bubble collapse gives the necessary 

pressure to deposit a drop of the biomaterial. In piezo-electric bioprinting, there is a 

direct displacement of the drop through a piezoelectric crystal such as quartz, topaz or 

berlinite. When voltage is applied to the piezo-electric material, this changes its shape 

and that is what generates the pressure pulse causing the deposition of the biomaterial. 

In electrostatic bioprinting, the fluid displacement is achieved using a micro-

electromechanical system actuator (Saunders and Derby, 2014). 

The system can be applied to 3D printing by creating layers of a consistent biomaterial. 

The material has to be a solution with appropriate mechanical properties to allow the 

printing process, but at the same time, it has to offer a way to be converted into a more 

self-supporting material that can withstand the rest of the layers on top. To achieve that, 

different materials can be used and several gel-forming methods applied. The 

biomaterial can be fabricated by temperature changes, when using thermosensitive gels 

(Cui et al., 2012), U.V light (Hennink and van Nostrum, 2002) or chemical crosslinking 

(Xu et al., 2012a). Inkjet 3D printing allows the deposition of single cells and 

aggregates and the characteristics of the process can be modified by optimising cell 

concentration, nozzle diameter, speed and size of droplets (Cui and Boland, 2009; 

Herran and Huang, 2012). Inkjet-based systems are versatile, easy to develop and cheap. 

However, the fact that only low cell densities can be printed and the necessity of very 

low viscous biomaterials, made the process inadequate for many applications, including 

those requiring direct cell-laden bioprinting at high cell densities. In addition, cell 

stress-related damage can be notorious with this process due to shear stress that the cells 

undergo going through the nozzles (Murphy and Atala, 2014). 
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1.5.5.2 Laser-based system 

In this process, a laser beam is used to deposit a droplet of biomaterial that can contain 

cells suspended in it. The system was first developed as a 2D deposition of metals 

(Chrisey, 2000), but the process was soon implemented to 3D bioprint human umbilical 

vein endothelial cells (HUVEC) with a micrometre precision (Nahmias et al., 2005). 

Laser-guided direct-write (LGDW) is a system based in the generation of bubbles using 

laser energy which allows the transfer of cells from the donor suspension to the 

collector substrate. The system consists of a pulsed laser beam device, a focusing 

mechanism, a substrate that serves as a donor transport support, normally glass covered 

with a material that can absorb laser energy such as gold or titanium, and finally the 

bioink. The device focus the laser beam on the absorbing material layer in order to 

generate the high-pressure microbubbles that ejects the droplets of biomaterial on the 

final substrate (Murphy and Atala, 2014). 

LGDW can achieve very high printing resolution of up to 20-25 µm by changing the 

parameters of the printing such as the viscosity of the biomaterial, wettability of the 

substrate, distance between substrate and biomaterial, speed of the process, and the 

energy delivered per unit area of the laser beam (Ovsianikov et al., 2010). In order to 

achieve 3D printing, LGDW is performed in a layer-by-layer basis following each 

deposition with gelation via photopolymerization of the biomaterial; however, to 

achieve high resolution, very fast gelation kinetics are required. While this can be 

partially overcome, it usually results in a low flow rate and the need for 

individualization of each individual absorbing material per cell type or hydrogel type 

(Guillotin and Guillemot, 2011; Nahmias et al., 2005) . Laser-based systems offer the 

best resolution of printing, high viability, and the process can be made faster than the 

other techniques. Nevertheless, the high cost of laser-based systems and the complexity 

of co-printing made this process difficult to be incorporated in most research 

laboratories and not adequate for some applications. In addition, photopolymerization 

can influence both cell viability and function depending on the cell type and the printing 

conditions  (Polak et al., 2008). 
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1.5.5.3 Extrusion-based system 

The most widely technique used for bioprinting is the microextrusion bioprinting. This 

approach is based on the use of extrusion systems which deposit filaments of a 

biomaterial onto a substrate using only mechanic force. The spatial deposition is 

controlled by a platform which allows movement in the x, y and z axes (Mironov, 

2003). There are two major extrusion methods available: pneumatic and mechanical. 

Pneumatic systems use air pressure to apply the force of ejection. They offer a simple 

mechanism with the main disadvantage of losing part of the control of the material flow 

due to the time gap between applying the pneumatic force and the ejection; which also 

means that printing can continue after force application is arrested and result in an 

inadequate process, with the material being deposited in excess and therefore affecting 

printability (Chang et al., 2011, 2008a; Fedorovich et al., 2009; Khalil and Sun, 2007). 

Mechanical systems are usually based on the use of either a piston or a screw to deliver 

the force necessary for printing. These systems usually require a more complex 

mechanism to achieve 3D printing but offer a more precise control over the applied 

force during the procedure (Cohen et al., 2006; Jakab et al., 2006; Visser et al., 2013). 

Microextrusion bioprinting has been achieved using a myriad of biomaterials with a 

wide range of rheological properties. This type of printing, unlike the others here 

described, allows for the deposition of high viscosity materials, which can be as high as 

6 x 107 mPa/s (Jones, 2012). Higher viscosities usually provide a better self-supporting 

material which results in a more refined 3D structure; however, high viscosity materials 

generally decrease cell viability. Therefore, a balance between mechanical properties 

and cell viability and function must be found (Murphy and Atala, 2014). Some groups 

have developed printing strategies using shear-thinning properties, i.e., non-Newtonian 

fluids with which viscosity decreases when the shear rate is increased. This allows an 

increased flow of the material through the nozzle while still retaining the higher 

viscosity after printing, meaning a better mechanical strength which can support the 

layer deposition (Guvendiren et al., 2011). Microextrusion systems have been applied to 

bioprinting using hydrogels that are chemically cross-linked after deposition (Jakab et 

al., 2010; Yan et al., 2005) as well as thermally cross-linked (Smith et al., 2004, 2007).  
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The key advantage of the microextrusion systems is the fact that a very high cell 

concentration bioink can be printed; a characteristic that inkjet and laser technologies 

cannot offer. This limitation of theses latter approaches can preclude the production of 

constructs which reproduce physiological or pathological cell densities (Marga et al., 

2011).  The system also allows the co-printing of different biomaterials simultaneously 

(Chang et al., 2008b; Khalil and Sun, 2007; S. Khalil et al., 2005). However, the 

extrusion process applies mechanical stress to the cells and viability can be affected 

significantly. Cell viability is influenced by dispensing pressure, material flow rate and 

nozzle size (Nair et al., 2007).  

Extrusion-based systems can be used to print very high concentration of cells, using a 

wide range of biomaterials and the cost of the apparatus is low. The main disadvantages 

of the process are that the printing speed is low and the viability is often poor (Murphy 

and Atala, 2014). 

1.6 Biomaterials used in tissue engineering 

The materials used to fabricate scaffolds are many. Table 2 shows the most widely 

natural, synthetic and hybrid polymers used as hydrogels and scaffolds with their main 

advantages and disadvantages. Scaffolds are characterised by their lack of solubility in 

water, which means that unlike with hydrogels, a three-dimensional structure needs to 

be created before seeding the cells. This might be a disadvantage if a direct bioprinting 

method is recquired.  

1.6.1 Natural polymers  

These materials can be derived from natural extracellular matrix: e.g. gelatin, elastin 

and collagen. They can be extracted from plants, e.g., amylose and cellulose; algae, e.g., 

alginate and agarose; microorganisms, e.g., hyaluronic acid; or animals e.g., chitosan, 

fibroin and fibrinogen. These biomaterials can also be classified according to their 

biochemical structure into proteins, e.g., collagen, fibroin, gelatin, fibrinogen; 

polysaccharides, e.g., cellulose, alginate, chitosan; and polynucleotides, e.g., DNA and 

RNA. (Dhandayuthapani et al., 2011; Mano et al., 2007) 
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Origin Molecules Main advantages Main disadvantages Reference 

Natural Collagen/Gelatin - Low immunogenicity 

- Biocompatibility 

- Biodegradable 

- Good permeability 

- Variability between 

batches 

- Poor mechanical 

properties 

- Fast biodegradation 

(Dong and 

LV, 2016; 

Sell 2010) 

 Fibrinogen/Fibrin - High cell seeding 

efficiency with uniform 

distribution 

- Possibility of autologous 

scaffold generation 

- Biocompatibility 

- Biodegradability 

- Gel degradation 

- Poor mechanical 

properties 

(Li et al, 

2015) (Ahmed 

et al, 2008) 

 Alginate - Biocompatibility 

- Easy and fast gelation 

- Non-degradable 

- Adjustable mechanical 

properties 

- Variability 

- Non-biodegradable 

- Lack of cell 

attachment 

 

(Lee and 

Mooney, 

2012) 

 Chitosan - Biocompatibility 

- Biodegradability 

- Degradability 

- Poor mechanical 

properties 

 

(Rodri et al, 

LogithKumar 

et al, Croisier 

and Jerome) 

 Hyaluronic acid (HA) - Biocompatibility 

- Biodegradability 

- Cell differentiation and 

growth function 

- Poor mechanical 

properties 

(El-sherbiny, 

Allison, 

Collins, xu 

2012) 

 Fibroin - Tunable biodegradation 

- Biocompatibility 

- Thermal stability 

- Small pore size (Kasoju, 

Melke) 

 Elastin - Increase elastic behaviour 

- Biocompatibility 

- Calcification 

- Degradability 

(Atila, 

Novotna) 

 Laminin - Biocompatibility 

- Biodegradability 

 

- Poor mechanical 

properties 

- Need to be 

functionalised 

(Stabenfeldt, 

Junka, 

Mochizuki) 

 Poly-

(hydroxylalkanoate) 
- Biocompatibility 

- Biodegradability 

- Adjustable physical and 

thermal properties 

 

- Variability 

- Possible unwanted 

effect on cell 

behaviour 

(Chen and 

Wang, Cheng 

and Wu) 

 Decellularised tissue - Biocompatibility 

- Biodegradability 

- Possibility of autologous 

matrices 

- Variability 

- Difficult to obtain 

(Shirakigawa, 

Cheng, 

Fitzpatrick, 

Hoshiba) 

 Matrigel - Biocompatibility 

- Biodegradability 

- Real ECM 

- Expensive 

- Unknown exact 

composition 

- Variability 

Benton 2014, 
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Synthetic Poly-ethylen-glycol 

(PEG) 
- Biocompatibility 

- Versatility 

- Good mechanical 

properties  

- Non-biodegradable 

- Lack of cell 

adhesion 

- Variability in cross-

linking density 

Zhu, 

Papavasilou, 

Patel) 

Hybrids Gelatin-methacrylate 

(GelMA) 
- Biocompatibility 

- Reproducibility 

- Good mechanical 

properties 

- Biodegradable 

- Adhesive properties 

- Variability in cross-

linking density 

- Cell-specific 

negative effects 

- Need of UV 

radiation 

Yue 2015, 

Loessner 2016 

 

Table 1.2. Examples of polymers used in tissue engineering 

The main advantage regarding the use of these scaffolds is that they provide a 

chemically similar environment to the one that can be found in native ECM. Therefore, 

the biocompatibility is generally optimal and the potential immunogenicity of the 

scaffolds is low, which is an important feature for cell culture models and essential if 

the constructs are to be implanted in an organism (Castells-Sala et al., 2013).  

1.6.2 Collagen and gelatin 

The most widely used molecule for tissue engineering is collagen. Collagen is the most 

abundant protein in mammals, accounting for between 25-35 % of the protein content 

and present in the extracellular space in all connective tissues. There are more than 20 

different types of collagen identified, although over 90% of the collagen in the human 

body is type I (Bella, 2016; Lullo et al., 2002). Once collagen is irreversibly hydrolysed, 

it is converted into gelatin. The material can then be converted into a heterogeneous 

combination of different molecular weight peptides which have almost identical 

chemical structure to collagen but different physical properties (Bogue, 1923). 

Collagen and gelatin scaffolds have several characteristics that make them good 

candidates for tissue engineering applications such as good biocompatibility, low 

immunogenicity, high mechanical strength, biodegradability and wettability. However, 
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there are some limitations when using these scaffolds: the important variability between 

batches due to their origins and extraction methods, the generally poor mechanical 

properties, and the fast biodegradation that can be an issue when long term durability is 

required (Dong and Lv, 2016; Sell et al., 2010). 

1.6.3 Fibrin and fibrinogen 

Fibrin is a natural tissue repair protein formed during blood coagulation. It is formed by 

a complex network of polymerised fibrinogen in the presence of thrombin, a protease 

which promotes coagulation. Fibrinogen is obtained from blood and therefore, is not a 

natural component of the ECM per se but it is present as a temporary physiological 

matrix which is then replaced by ECM components (Litvinov and Weisel, 2016).  

Scaffolds fabricated using fibrin allow a high cell seeding efficiency, good 

biocompatibility and biodegradability, and it is possible to perform autologous scaffold 

generation using a blood sample from a patient. However, the poor mechanical 

properties and the fast degradation of the polymer are the main drawbacks for the 

extended use of these gels (Ahmed et al., 2008; Li et al., 2015). 

1.6.4 Alginate 

Alginate is a natural polymer, usually extracted by alkaline treatment of brown algae 

i.e., class Phaeophyceae such as Ascophyllum nodisum, Macrocystis pyrifera and 

Laminaria sp. (Fawzy et al., 2017; Smidsrød and Skjak-Bræk, 1990) but also produced 

by bacteria such as Pseudomonas aeruginosa (Boyd and Chakrabarty, 1995). 

Chemically, alginate is a linear co-polymer containing two monomers, the epimers: β-

D-mannuronate (M units) and α-L-guluronate (G units) linked by 1-4 glycosidic bonds 

(Figure 1.10 A) (Fischer and Dörfel, 1955; Tønnesen and Karlsen, 2002). Due to the 

natural variability of the different alginate sources, alginate composition has an 

important degree of variation due to different purities, amount and order of monomers 

and molecular weights (Haug et al., 1959; Kong et al., 2002). These factors can alter 

significantly not only the physical properties of the biomaterial, but also 

biocompatibility. For instance, high mannuronate polymers have been reported to be 10 

times more immunogenic than high guluronate alginate (Otterlei et al., 1991). However, 
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other groups have failed to replicate the results (Zimmermann et al., 1992) which could 

indicate that the results were actually due to the contamination of the alginate, which 

because its natural origin, can contain endotoxins, heavy metals, proteins or phenolytic 

compounds. This can lead to an immunogenic reaction, showing the importance of a 

correct purification of the polymer before using it. The immunogenicity of M-rich 

alginate is still being occasionally reported despite having been refuted  (Lee and Lee, 

2009; Lee and Mooney, 2012; Orive et al., 2002).  
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Figure 1.8. Alginate 

(A) Molecular structure of alginate showing its two epimers mannuronate and 

guluronate (M and G). (B) Egg-box model hypothesis for the cross-linking 

properties of alginate when cations such as calcium is present. Figure taken from 

Marriot et al., 2014. 

A 
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Alginate has been extendedly used for a variety of applications ranging from the food 

industry, as a thickening agent (Andersen et al., 2011); to the biomedical industry, being 

extensively used for controlled protein and drug release (Lee and Mooney, 2012). Some 

examples of pharmaceutical applications are: tamoxifen-loaded nanoparticles for breast 

cancer treatment (Martínez et al., 2012); methotrexate, doxorubicin and mitoxantrone 

controlled release for localised antineoplastic agent delivery (Bouhadir et al., 2001a) 

and alginate gel beads for extended release of nicardipine (Jain and Bar-Shalom, 2014). 

Recently, alginate have gained popularity as a tissue engineering tool thanks to its 

properties as a biocompatible, low cost material that can easily and gently form a 

hydrogel with relatively simple control over cross-linking of the polymer (Andersen et 

al., 2011; Lee and Mooney, 2012). 

Alginate can form hydrogels by different methods, being the most common the ionic 

crosslinking. When alginate is exposed to a solution containing divalent cations, the 

polymer becomes cross-linked, forming a hydrogel. Different divalent cations can be 

used giving very strong cross-linking including Ba2+and Sr2+ and strong cross-linking 

using Ca2+; other cross-linking agents can be used with toxicity being the main 

drawback: Fe2+, Pb2+, Cu2+, Ni2+, Co2+, Cd2+, Zn2+, Mn2+; also, come divalent cations 

cannot cross-link the alginate polymer, e.g. Mg2+ (Clark and Ross-Murphy, 1987; Rees, 

2009). 

It is believed that only the G-units contribute to the cross-linking of the polymer; with 

the most generally accepted model for the cross-linking mechanism being the egg-box 

model (Grant et al., 1973)  shown in Figure 1.10 B. This theory agrees with the fact that 

the high-G alginate solutions cross-link faster and stronger when compared to the high-

M solutions (George and Abraham, 2006; Hay et al., 2010).  

The molecular weight of alginate depends on the source and treatment of the polymer 

and it ranges between 32,000-400,000 g/mol. The molecular weight directly correlates 

with the viscosity of the solution and therefore, even though high molecular weight 

alginate usually have better physical properties for use as hydrogel, the solution may 

become too viscous to be processed  (Kong et al., 2003; LeRoux et al., 1999; Rinaudo, 

1992). To overcome this, a mixture of low and high molecular weight alginate can be 



 

44 

used; allowing the elastic modulus to be increased without increasing significantly the 

viscosity. This effect is superior than using a medium molecular weight alginate (Kong 

et al., 2002). 

Hydrogels composed of alginate are seen as a blank support for 3D cell cultures since 

there is no evidence of specific receptor-mediated interaction between the gel and cells. 

When alginate is used without further modification, it provides solely a mechanical 

support which can be altered by the G/M ratio, molecular weight, cross-linker choice 

and concentration-time relation (Rowley et al., 1999); these properties allow researchers 

to obtain a hydrogel with an elastic modulus that can range between 0.25-100 kPa 

(Banerjee et al., 2009). Alginate hydrogels are not degraded by mammalian cells, and 

will only collapse when the cross-linker cation has been removed from the polymer 

chains. This can occur by either slow release into the surrounding medium or by 

chelation by molecules such as ethylenediaminetetraacetic acid (EDTA) or sodium 

citrate (Al-Shamkhani and Duncan, 1995; Kong et al., 2004; Shoichet et al., 1996; Wee 

and Gombotz, 1998). However, some algae and microorganisms can produce an enzyme 

called alginate lyase which can break the glycosidic 1-4 bond between the monomers 

(Wong et al., 2000). This characteristic of not being degradable makes alginate a good 

option when structural integrity for long times is needed, and it has in fact been 

approved for applications like wound dressing or cell encapsulation by the FDA and 

EMA. However, this feature may be non-desirable if there is a requirement for cells to 

degrade the matrix over time (Lee and Mooney, 2012). 

In addition to the lack of cell attachment to alginate hydrogels, another important 

characteristic of alginate is its very low non-specific protein binding properties, which 

further reinforce the role of alginate as a blank scaffold with which the cells’ interaction 

with the matrix is negligible apart from the physical restrain effect (Rowley et al., 

1999). Notwithstanding, this is not always what researchers need from their materials. 

To keep the intrinsic properties that make alginate a good biomaterial while being able 

to address cell-specific needs, several alginate modifications have been developed with 

apparent success. (Lee and Mooney, 2012). 
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Alginate is a suitable polymer for chemical modification thanks to its free carboxyl and 

hydroxyl groups; these provide a good site for chemical functionalisation (Figure 1.10 

A). Some of the features that can be modified through said functionalisation are 

hydrophobicity, degradability and biological interaction capabilities (Yang et al., 2011). 

One of the simplest modifications used is the oxidation of the polymer with sodium 

periodate. The oxidation of the chain results in a breakage of the G-units, opening the 

sugar rings and interfering with the cross-linking capabilities of the solution, which 

decreases the gel stiffness, and the formation of acetal groups which can undergo 

hydrolysis, increasing the degradation in physiological conditions. This allows a finer 

control on gel stiffness while not affecting the viscosity of the solution significantly 

(Boontheekul et al., 2005; Bouhadir et al., 2001b; West et al., 2007; Yang et al., 2011). 

Another common modification of alginate is amidation. Using carbodiimide chemistry, 

molecules carrying a free amino group are linked to the carboxyl groups of alginate 

forming an amide. This chemistry strategy is very used for amino-acid synthesis and has 

been successfully used for many years due to its simplicity and high yield (Al-Warhi et 

al., 2012; Sheehan and Hess, 1955). Using amidation, alginate has been functionalised 

with the cell-adhesive peptide sequence Arg-Gly-Asp (RGD) which is a common 

sequence found in many natural ECM components such as laminin and fibronectin. The 

covalently coupled RGD peptide can interact with several integrin receptors e.g., v3 

and 51, promoting cell attachment as opposed to soluble RGD peptides which inhibit 

cell adhesion (Koo et al., 2002; Lee et al., 2008; Lehenkari and Horton, 1999; 

Ruoslahti, 1996). For the RGD peptide to be able to promote strong attachment, another 

amino-acid must be following the Asp; therefore, an RGDX sequence is used. The 

affinity of different peptides is variable and most likely cell specific but it is believed 

that cyclic RGD peptides have a significant higher affinity than linear peptides (Figure 

1.11 A, B) (Alsberg et al., 2001; Hsiong et al., 2008; Lee et al., 2004; Rowley et al., 

1999). Furthermore, other similar peptide sequences found in natural ECM components 

have been used in a similar fashion. Peptides containing Asp-Gly-Glu-Ala (DGEA) 

(Mehta et al., 2015) and Tyr-Ile-Gly-Ser-Arg (YIGSR) (Dhoot et al., 2004; Yu et al., 

2015); a collagen-I mimetic and laminin-derived peptide respectively, have been 

covalently bound to alginate to achieve cell adhesion.  
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Figure 1.9. RGD peptides 

(A) Structure of the peptide RGDS, showing the amino acids arginine (blue), 

glycine (green), aspartic acid (yellow) and serine (black). The amino group in 

arginine (shown in red) is the one available for amidation reactions. (B) Structure 

of the peptide cyclic RGD, a higher-affinity peptide for cell adhesion (Hsiong et 

al., 2008). 

A 
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Another useful amidation using the same synthesis strategy as for RGD, DGEA and 

YIGSR peptides, is the incorporation of metalloproteinase (MMP)-sensitive peptides 

such as Pro-Val-Gly-Leu-Iso-Gly (PVGLIG) (Fonseca et al., 2011). MMPs are a group 

of secreted enzymes which cleave most ECM molecules and are heavily involved in 

matrix remodelling, morphogenesis, wound healing and growth factors release, as well 

as in pathological processes like fibrosis and metastasis (Murphy and Nagase, 2008; 

Page-McCaw et al., 2007). Therefore, by incorporating the PVGLIG sequence as a 

chain cross-linker in alginate, cells can remodel the matrix and the intrinsic capability of 

matrix remodelling of the cell culture can be recapitulated. Hydrogels combining RGD 

coupling with MMP-sensitive peptide have shown a higher invasiveness when 

transplanted in mice while at the same time cells can secrete their own native ECM 

(Fonseca et al., 2011, 2014).  

Overall, the previously said characteristics make alginate a useful tool for tissue 

engineering application if its limitations are correctly considered and properly 

addressed.  

1.6.5 Chitosan 

Chitosan is a polysaccharide composed of a random distribution of D-glucosamine and 

its acetylated counterpart N-acetyl-D-glucosamine linked through a β1-4 bond 

(Figure 12 A). The polymer is extracted from chitin, the completely acetylated polymer 

which is the main component of the shells of crustaceans (Lee et al., 2013).  

Chitosan scaffolds are biocompatible and have been used for different biomedical 

applications thanks to its properties including bio-adhesiveness, biodegradability and 

bacteriostatic activity, which make it a good candidate for wound dressing, accelerating 

wound healing and reducing the risk of infection (Luna et al., 2011). For cell culture 

studies, chitosan scaffolds have the limitation of its poor mechanical properties and the 

degradation of the scaffolds. The scaffolds can support cell attachment, although the 

attachment is achieved through electrostatic interaction and not specific receptor-

mediated interaction (Croisier and Jérôme, 2013; Rodríguez-Vázquez et al., 2015). 
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Figure 1.10. Structure of commonly used polymers 

Chemical structure of: (A) Chitosan. (B) Hyaluronic acid. (C) Polyethylene-glycol (PEG). 
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1.6.6 Hyaluronic acid 

Hyaluronic acid (HA), also called hyaluronate; is a natural glycosaminoglycan 

composed of repeating dimer units of D-glucuronic acid and N-acetyl-D-glucosamine 

bound by alternating O-glycosidic β1-4 and β1-3 linkages (Figure 1.12 B). HA is an 

anionic compound in physiological conditions which has a much higher molecular 

weight, ranging between 100-10,000 kDa, than others glycosaminoglycans such as 

chondroitin sulfate and heparan sulfate. HA is referred in most publications as 

hyaluronan, which includes all HA forms and its salts (Tsepilov and Beloded, 2015). 

The conformation that HA adopts is variable and can be as a double helix, 

multifilaments or planar structure depending on the environment, e.g., ionic 

environment, temperature or polymer concentration (Atkins et al., 1972; Scott et al., 

1991; Sheehan et al., 1977). 

Although first identified as a vitreous humour component, HA can be found in most 

fluids and tissues in mammals (Kogan et al., 2007). In humans, the main reservoir of 

HA in the body is the skin, where 50% of all HA can be found. The HA in the skin 

performs the functions of water retaining and maintaining the elastic properties of the 

tissue, but also some more complex biological functions as HA and its cleavage 

products are involved in proliferation, differentiation and morphogenesis (Kreil, 1995; 

Toole, 1991, 2001). This function is not limited to the skin but it also occurs and 

significantly influences the physiology of tissues such as the brain and response to 

pathological situations like cancer and inflammation (Lokeshwar and Selzer, 2000). 

The proteins that specifically bind to HA are commonly known as hyaladherins. There 

are many hyaladherins described, which are involved in a range of biological processes 

(Nikitovic et al., 2013). The most relevant are the tumour necrosis factor-inducible gene 

6 protein (TSG-6) (Lee et al., 1992), receptor for hyaluronan-mediated motility 

(RHAMM) (Turley, 1982), the membrane glycoprotein CD38 (Mehta et al., 1996), 

inter-α-inhibitor (Fries and Kaczmarczyk, 2003) and the heavily studied and 

functionally important, CD44 (Goodison et al., 1999). 

Hydrogels fabricated using HA offer a biocompatible and biodegradable matrix which 

is not immunogenic; however, these hydrogels degrade fast and their mechanical 
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properties are not adequate. Polymer modification needs to be done in order to 

compensate for these characteristics (Xu et al., 2012b).  

1.6.7 Matrigel 

The most widely used and relevant commercial mixture of natural ECM components is 

Matrigel. Matrigel is a protein solution secreted by the Engelbreth-Holm-Swarm mouse 

sarcoma cells, and is therefore of animal origin. The tumour was initially thought to be a 

chondrosarcoma but it was soon discovered to be a basement membrane-producing 

tumour due to the absence of sulphated glycosaminoglycans and presence of basement 

membrane characteristic protein secretion (Orkin et al., 1977). 

The composition of Matrigel is close to the embryonic basement membrane. The main 

components are laminin-111 (800 kDa), collagen type IV (540 kDa), entactin (158 kDa) 

and heparin sulfate proteoglycan. It also contains proteases, 72 kDa MMP-2, 92 kDa 

MMP-9 and urokinase; growth factors such as TGFβ, FGF, EGF, PDGF and insulin-like 

growth factors (IGF); and other proteins including amylase, transferrin and clusterin 

(Kleinman and Martin, 2005). More recent thorough proteomic analysis has seen that 

there are around 14,000 unique peptides and 1851 unique proteins present in different 

commercially available types of Matrigel tested using liquid chromatography-mass 

spectrometry (LC-MS) (Hughes et al., 2010). 

Because the extraction of Matrigel is dependent on tumours grown using mice, there is 

an associated variability between batches limiting control over the proteins incorporated 

into the scaffold. There are alternatives available with reduced growth factor 

concentrations or modification of Matrigel to mimic more closely the intended tissue, 

e.g., the tumour microenvironment, with higher stiffness, lower glucose, more acidic 

and higher concentrations of collagen (Benton et al., 2014; Casazza et al., 2014). 

This material provides a combination of some of the natural polymers previously 

described and share the advantages of biocompatibility and biodegradability. Also, cell 

growth and attachment is very good, supporting formation of complex 3D structures 

such as epithelial acini, and it offers a matrix that is very close to the in vivo situation 
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(Wu et al., 2011). Scaffolds of Matrigel can be fabricated in a relatively easy manner. 

The product is a solution when stored at a temperature below 4 °C but it forms a gel 

when it is incubated at 37 °C, therefore it requires thermal gelation. Matrigel is a very 

useful resource for 3D cultures and it has shown to provide a closer phenotype to 

physiological conditions when cells are grown in it. The main disadvantages of the use 

of Matrigel are the high cost of the material, the inter-batch variability, the fact that the 

material must be kept cold at all times to avoid premature gelation, and the fact that the 

presence of bioactive compounds may not be desirable for all applications. In addition, 

the gelation process is slow and there are not satisfactory 3D printing systems that can 

use Matrigel (Benton et al., 2011, 2014; Kleinman and Martin, 2005; Sodunke et al., 

2007).  

1.6.8 Decellularised tissue 

A slightly different approach to fabricating scaffolds is to use a decellularised tissue. 

These scaffolds are either tissues or whole organs which have been stripped of all cells 

by different treatments while preserving the physical and chemical structure of the 

ECM. The methods to remove the cells are based on agitation, mechanical force, 

sonication, and chemical and enzymatic procedures among others. The choice of 

method can have an impact on the quality of the matrix and depends mainly on the type 

of tissue (Gilbert et al., 2006). These scaffolds preserve the architecture of the real 

organs and maintain much of the composition of ECM almost identical as the tissue of 

interest; however, these scaffolds are difficult to obtain and cannot be as broadly used as 

other materials here discussed. Also, while the 3D structure is conserved, there is no 

control over the spatial distribution of the reseeded cells. In addition, most of the 

features discussed for Matrigel apply to these scaffolds such as variability and complex 

unknown chemical composition (Fitzpatrick and McDevitt, 2015; Hoshiba et al., 2010; 

Shirakigawa and Ijima, 2017). 

1.6.9 Synthetic polymers 

While not a goal of this study, a mention should be given to synthetic polymers, which 

have been extensively used for tissue engineering applications and that offers a different 

set of general characteristics than the natural polymers. These materials have the 
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advantage of being generally cheap, of known composition and therefore reliable 

between experiments, easy to manipulate and with better mechanical properties as a 

general rule, when compared to natural materials. Also, these polymers are usually 

easily modifiable to increase or decrease specific characteristics. However, they are 

often non water-soluble, limiting the application for bioprinting if used unmodified  

(Gunatillake and Adhikari, 2003; Ulery et al., 2011). Generally, published data using 

these polymers for tissue engineering applications, while offering appropriate 

experiments from the bioengineering point of view, they lack thoroughness in the 

biological studies and usually are limited to assessing the viability. 

An example of synthetic polymer includes polyethylene-glycol (PEG) (Figure 1.12 C) 

which provides a good biocompatibility and good mechanical properties. This material 

cannot be biodegraded and do not promote cell attachment (Mondal et al., 2016; Nair 

and Laurencin, 2007; Papavasiliou et al., 2012; Patel et al., 2016; Patrício et al., 2013). 

They are versatile molecules that are usually modified to increase water solubility and 

bio-degradability (Mondrinos et al., 2006; Zhu, 2010).  

1.6.10 Hybrid polymers 

In an effort to combine the best properties of both natural and synthetic polymers, 

different hybrid polymers have been developed. Materials such as gelatin 

methacryiloyl (GelMA) (Loessner et al., 2016; Yue et al., 2015), collagen-PLA (Dong 

and Lv, 2016; Haaparanta et al., 2014; Jia et al., 2013; Lee et al., 2014a) or collagen-

carbon nanotubes (Kim et al., 2015; Lee et al., 2014b) offer some of the most wanted 

features from natural materials such as an appropriate biocompatibility and 

biodegradability. While synthetic materials can offer cell adhesion through electrostatic 

interaction, including PEAs; they do not offer a physiological-like adhesive interaction 

mediated through integrins. Similarly, the biodegradation that synthetic polymers offer, 

is an unregulated hydrolysis of the polymer while the in vivo situation is generally a 

protease-dependant cleavage of the polymers which allow for a physiological ECM 

remodelling. Hybrid polymers, by incorporating natural materials such as gelatin or 

collagen, can retain the correct type of cell adhesiveness and biodegradation. 

Furthermore, the conjugation of these natural polymers with synthetic materials, offer a 

better control over the mechanical properties of the scaffolds, while at the same time 
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increasing the reproducibility and tunability of the material (Chen et al., 2004; Jia and 

Kiick, 2009; Loessner et al., 2016; Miyazaki et al., 2015). 

1.7 3D printing of the tumour microenvironment 

At the beginning of this work, there was no published work trying to generate high cell-

density bioprinted multilineage tumour models. However, some attempts to generate 3D 

printed constructs for the study of the tumour microenvironment had been performed. 

For instance, composite hydrogels made of gelatin, alginate and fibrinogen were used to 

3D print HELA cells, showing a satisfactory viability and claiming to generate models 

that reproduce the in vivo situation closer (Zhao et al., 2014). In addition, systems that 

incorporated cancer cells with primary cells were also generated for 3D printing using 

matrigel, showing again that cells could remain viable. The co-printing systems using 

alginate have also been applied to the co-culture of cancer cells with immune cells such 

as triple negative breast cancer cells and macrophages (Grolman et al., 2015). These 

studies have focused primarily in the printability and viability of the constructs, 

showing that cancer cells can be 3D printed alone or in combination with stromal cells 

for the study of cancer biology.  
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Chapter 2 

Materials and methods 
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2.1 Cell culture 

U87MG and human embryonic kidney 293T cells (HEK293T) cells were originally 

purchased from the European Collection of Aunthenticated Cell Cultures (ECACC). 

MRC-5 cells were a generous gift from Rodger Duffin; Queen’s Medical Research 

Institute, University of Edinburgh. Mono-mac-6 (MM-6) and THP-1 cells were 

provided by David Brown; School of Life Sciences, Heriot-Watt University. G7, G144 

and G166 were a gift from Steve Pollard; MRC Centre for Regenerative Medicine, 

University of Edinburgh. Glioma associated stromal cells (GASCs) were provided by 

Anne Clavreul; CHU d’Angers, Angers, France. All cell culture reagents were 

purchased from Life Technologies unless otherwise specified. U87MG, T98G and  

MM-6 cells were cultured in minimum essential medium (MEM) supplemented with 

10% (v/v) fetal bovine serum (FBS), L-Glutamine, non-essential amino acids (NEAA), 

and sodium pyruvate. Cells were maintained at 37°C and 5% CO2 in a humidified 

incubator. Cells were sub-cultured every 2-3 days. HEK293T cells were maintained in 

Dulbecco Modified Essential Medium (DMEM) supplemented with 10% (v/v) heat 

inactivated FBS, L-Glutamine, NEAA and sodium pyruvate. Cells were sub-cultured 

every 2-3 days. MRC-5 cells were cultured in Dulbecco Modified Eagle Medium 

(DMEM) supplemented with 10% FBS, L-Glutamine and penicillin/streptomycin. Cells 

were sub-cultured every 4-7 days and medium replaced every 2-3 days. THP-1, OE-33 

and DBTRG cells were maintained in RPMI 1640 medium supplemented with 

10% FBS, glutamine 2 mM and sodium pyruvate. Cells were sub-cultured every 2-

3 days. 1321N1 and FLO-1 cells were grown in DMEM supplemented with 10% FBS 

and glutamine 2 mM. MDA-MB-231 and MDA-MB-468 were cultured in DMEM 

supplemented with glutamine 2 mM, sodium pyruvate, NEAA and 10 % FBS. Stock 

flasks were maintained in the absence of antibiotics. During experiments the medium 

was supplemented with penicillin/streptomycin (100UI/ml and 100μg/ml). Glioma stem 

cell lines, G7, G144 and G166 were cultured in DMEM F-12 (Sigma) supplemented 

with glucose 8 mM (Sigma), NEAA, Pen-strep, Bovine Serum Albumin Fraction V 

30 mg/l, beta-mercaptoethanol 100 μM, B27 0.5X and N2 0.5X, 10 ng/ml mEGF and 

hFGF (Peprotech) and 1 μg/ml of laminin (Sigma). Passage of the cells was the same 

for all adherent cell lines except GSC. Once 80-90% confluence is observed, medium 

was removed, washed with phosphate buffered saline without calcium (PBS) once and 

then incubated with dissociation buffer (TrypLE) until detachment of cells was 

observed using the microscope. Cell suspension was then neutralised with the same 
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amount of complete media and cells harvested by centrifugation at 900 rpm for 

3 minutes. Cells were then seeded in new flasks at the appropriate split ratio. All the 

solutions added to cells were pre-warmed at 37 °C in a bead bath. 

GSC were washed with PBS and then disassociated using Accutase (StemCell 

Technologies) until single cells were observed. Then cells were re-suspended in DMEM 

F-12 with Pen-strep and BSA 37.5 mg/l, centrifuged and seeded in complete medium. 

For suspension cells (MM-6 and THP-1) passages were carried out by first 

centrifugation at 1200 rpm for 3 minutes to harvest the cells; then cells were re-

suspended in PBS for washing, centrifuged again, re-suspended in the appropriate 

volume of complete medium and transferred to a new flask. Dead cells and debris were 

removed by routinely performing density separation using Lymphoprep (StemCell 

Technologies). Over a lymphoprep solution, cell suspension was added slowly in a 1:1 

proportion and then centrifuged at 1200 rpm for 20 minutes without centrifuge brake. 

Live cells were then picked from the interface, washed with PBS and re-suspended in 

complete medium. 

Cryopreservation of cells was performed by first harvesting the cells as before, counting 

them using a haemocytometer and then re-suspend them in complete medium with 

5% DMSO, aliquoted in cryovials and slowly frozen at -80 °C using an isopropanol 

bath cell freezer. Cells were then transferred to liquid nitrogen storage. 

Name Origin Description Reference 

U87MG ATCC Likely human GBM ATCC® HTB-14 

WI38 ATCC Human embryonic 

fibloblasts 

ATCC® CCL-75 

MM6 David Brown, Heriot Watt Human mature 

monocyte 

(Ziegler-Heitbrock et al., 

1988) 

Human microglia Celprogen Primary human 

microglia 

Cat# 37089-01 

G7 Steve Pollard, MRC Centre for 

Regenerative Medicine. 

Edinburgh 

Glioma Stem Cell (Pollard et al., 2009) 

G144 Steve Pollard, MRC Centre for 

Regenerative Medicine. 

Edinburgh 

Glioma Stem Cell (Pollard et al., 2009) 

G166 Steve Pollard, MRC Centre for 

Regenerative Medicine. 

Edinburgh 

Glioma Stem Cell (Pollard et al., 2009) 
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GASC Anne Clavreul. CHU 

d’Angers, Angers, France 

Glioma associated 

stromal cells 

(Clavreul et al., 2014b) 

T98G ATCC GBM ATCC® CRL-1690 

HEK293t ATCC Human embryonic 

kidney cells 

ATCC® CRL-3216 

DBTRG-05MG ATCC GBM ATCC® CRL-2020 

OE33 ECACC Human oesophageal 

adenocarcinoma 

Cat# 96070808 

FLO-1 ECACC Human primary distal 

oesophageal 

adenocarcinoma  

Cat# 11012001 

MDA-MB-231 ATCC Human mammary 

gland adenocarcinoma 

ATCC® HTB-26 

MDA-MB 468 ATCC Human mammary 

gland adenocarcinoma 

ATCC® HTB-132 

1321N1 ECACC Human astrocytoma Cat# 86030402 

 

Table 2.1. Cell lines used in this work 

2.2 3D culture 

Matrigel cultures used Growth Factor Reduced Matrigel® (BD Biosciences). Matrigel 

was kept at -80 °C prior to use and thawed overnight by placing the vial in a 4 °C fridge 

on ice. Then, using pre-chilled pipet tips, Matrigel was deposited on coverslips placed 

on dishes. After 15 minutes at 37 °C, Matrigel forms a gel and a concentrated solution 

of cells was placed on top of the gel. After 1 hour in the incubator to allow cells to 

penetrate the gel, another layer of Matrigel was deposited on top following the same 

procedure and maintained in the incubator again. 

For agarose colony formation, a 1.5% solution of agarose cell culture grade (Sigma) 

was prepared using a microwave. Before the solidification point was reached, agarose 

solution was deposited in 96-well plates to coat the wells. After 2 hours at 37 °C, 

agarose is solid and different number of U87MG cells were deposited onto the wells, 

allowing the formation of spheroids. 

2.3 Monocyte activation 

To activate MM-6 cells into a macrophage-like phenotype, cells were exposed to 

50 ng/ml of 12-O-tetradecanoylphorbol 13-acetate (PMA; Sigma) and left overnight. 
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Next day the cells attach to the tissue culture plastic and PMA is removed. Cells were 

incubated for another 2 days and then trypsinised prior to bioprinting. 

2.4 Alginate solutions 

G-rich high molecular weight ultrapure alginate powder was Protanal LF 10/60 FT, 

(FMC Biopolymers), low molecular weight alginate was alginic acid sodium salt from 

brown algae, medium viscosity, (Sigma). Commercial RGD alginate was NOVATACH 

VLVG 4GRGDSP (FMC Biopolymers). All alginate solutions were dissolved in PBS 

by placing the flask for one or two days on a rocker at 4 °C. Unmodified and RGD-

coupled alginates were sterilised by exposing them to UV light for two hours. 

Fluorescein-Alginate solution was sterilised by filtration through a 0.22 μm filter due to 

low concentrations being used, and therefore, viscosity being low enough. 

2.5 Alginate modification 

Alginate modification was performed using carbodiimide chemistry. The method was 

modified from Rowley et al. (Rowley et al., 1999) Briefly, a solution of alginate in MES 

0.1 M (Alfa Aesar) was activated using Sulfo-NHS (Sigma) and EDC (Alfa Aesar) 

aiming for a 10 % of carboxylic group activation. Then, an RGDS peptide (Alfa Aesar) 

was added and the reaction and stirred for 1 hour. The solution was then dialysed 

against water in a 3.5 MW cut-off dialysis cassette (Thermo Fisher) for three days with 

constant water changes, RGDS-Alginate was then precipitated by adding ethanol and 

washed several times with more ethanol. The modified alginate was further purified by 

treating it with chloroform and activated charcoal. The solid was then freeze dried. The 

same reaction was performed for fluorescein alginate by adding 5-aminofluorescein 

(Sigma). The purity of alginate, G/M ratio and conjugation efficiency were assessed 

using 1H-NMR. 

2.6 3D Printing 

Cells were printed using either an open-source Fab@Home 3D printer, or a custom-

made extrusion 3D printer in development by Renishaw plc. For bioprinting, cells were 

trypsinised, counted and centrifuged. For Fab@Home printing, cells were then re-
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suspended in 1 ml of complete media. The general method is as follows: 1 ml of 

alginate sterile solution was placed inside of the extrusion device, then the cell 

suspension was added into the alginate solution and very carefully mixed. Once the 

solution was homogeneous, 0.5 ml of CaCl2 with a final concentration ratio of 1:10 

[alginate (%): CaCl2 (mM)] was added with constant stirring to achieve partial 

crosslinking of the solution. After a layer by layer deposition of the gel, total 

crosslinking was achieved by adding an excess of CaCl2 110 mM for 10 minutes, 

followed by a solution of BaCl2 55 mM for 2 minutes. Constructs were then washed 

using PBS and then replaced with complete media supplemented with antibiotics and 

kept in the incubator. For the Renishaw’s printer, the same procedure was used with the 

only difference of being prepared in a dish and then taken by the printer through a 1mm 

nozzle. All solutions were pre-warmed at 37 °C before adding them to the cells. 

Osmolarity was adjusted by adding NaCl to reach theoretically 330 mOsm/l; also, the 

pH was regulated to 7.4.  

2.7 Imaging 

To image the printed constructs, Confocal Laser Scanning Microscope Leica SP5 SMD 

(CLSM, Leica microsystems) and a custom Nikon two-photon microscope were used. 

Fluorophores were visualised and recorded using the settings in Table 2.2. Stacks of 

approximately 150 μm in depth were acquired at 512x512 p or 1024x1024 p resolution, 

200 Hz frequency and setting the stack steps at 0.25 μm, which allows to take several 

focal planes per cell. Three random fields of view were acquired per sample to account 

for intra-construct variability. All CLSM images were obtained using a dry 20x lens or 

oil 60x. Image data analysis was done using ImageJ and Imaris software. Two-photon 

microscopy image acquisition was performed by Dr Rolly Wiegand at the Queen’s 

Medical Research Institute, University of Edinburgh. 
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Fluorophore Excitation Emission 

Cerulean 433 475 

EGFP 488 507 

EYFP 513 527 

mClover 505 515 

mCherry 587 610 

FDA 490 525 

PI 535 636 

DRAQ 5 647 665 

DRAQ 7 633 695 

Alexa fluor 488 490 525 

 

 

Table 2.2. Fluorophores with ex and em used for image acquisition 

 

2.8 Viability of printed cells using microscopy 

To study the viability of the 3D printed cells, propidium iodide (PI, Sigma) was used. 

To assess the presence of a live or early apoptotic cell, either fluorescent protein 

expression or fluorescein diacetate (FDA) was used and assessed with a Confocal Laser 

Scanning Microscope. To analyse dead or late apoptotic cells, PI was added to the 

media at a final 2.5 μM concentration and incubated for 30 minutes in the dark at 37 °C. 

Nuclear staining of PI was measured by CLSM. A ratio of apoptotic cells to total cell 

number was estimated using the image analysis software Imaris (Bitplane) for all the 

stacks. PI concentration was optimised by using the cytotoxic agent etoposide (Sigma) 

at a final 10 μM concentration to assure that the dead cell staining is efficient in the 

alginate gel. 

2.9 MTT assay 

To test the effect of the printing solutions on cell number, MTT assays were performed. 

MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) stock 

was prepared in sterile PBS at a concentration of 5 mg/ml and stored at -20 °C in the 

dark. MTT solution was kept in the dark at all times. Optimal cell concentration for the 

assay was determined for each experiment by creating a calibration curve using a 

known cell concentration. All experiments included a curve to guarantee the linearity of 

the absorbance data. Cell medium was removed; cells were exposed to different 

conditions and replaced with complete media supplemented with antibiotics. Cell 
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number was checked after 24 hours by adding 10 μl of MTT stock solution to each well 

20 hours after exposure to the conditions and incubating for another 4 hours. Then, 

formation of formazan crystals was measured using a micro plate reader, measuring 

absorbance at 570 nm. The crystals were solubilised using isopropanol with 0.1 N HCl. 

Additional wells with no cells and with no MTT were analysed as a control. Each 

measurement was made at least three times. 

2.10 Resazurin assay 

As an alternative to the use of MTT, resazurin was also used to determined cell number. 

Resazurin is converted into fluorescent resorufin by metabolically active cells. 

Resazurin stock solution was added into the cell medium at a final concentration of 

44 mM. Then, after 3-4 hours, fluorescence was measured using a plate reader, with 

excitation set at 570 nm and collecting the emission at 590 nm. Autoclaved resazurin 

was used as a completely reduced control and resazurin in medium as the completely 

oxidised control. Blanks and calibration curves were also included in every plate to 

assure specificity and linearity of response. Each point was measured at least three 

times. 

2.11 Drug testing 

Cells were 3D-printed in RGDS-alginate on well-plates alongside parallel 2D control 

cultures. Constructs were exposed briefly to CaCl2 50 mM for crosslinking, media 

changed and incubated overnight to allow cell adhesion. Then, cells were exposed to 

increasing concentrations of cisplatin (Cayman chemicals), temozolomide (Abcam) and 

sertraline (Cayman chemicals). Drug stock solutions were made using NaCl 0.9% for 

3 mM cisplatin and DMSO for both 100 mM temozolomide and 80 mM sertraline; and 

sterilised by filtering. The different drug concentrations were added directly to the 

culture medium and left for 72 hours. Then, cell number was assessed using resazurin or 

microscopy as previously described. Each experimental data point was performed at 

least in triplicate. 
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2.12 Cell transduction 

To achieve stable integration of the gene of interest in the genome, cells were 

transduced using a lentiviral vector. First, cells were seeded and allowed to attach 

overnight. To a solution of complete medium, polybrene (Sigma) was added to a final 

1.6 μg/ml concentration. This solution was mixed with a calculated volume of medium 

containing lentiviral particles and then added drop by drop to the cells and placed in the 

incubator overnight. The culture medium was removed the next morning and replaced 

with fresh medium. Transduction time and efficiency was controlled by either direct 

visualisation of fluorescent proteins or by a parallel EGFP lentiviral transduction. 

Selection of transduced cells was done by either plating single cells in 96-well plates 

with cell-conditioned medium and allowed them to replicate, giving clonal populations, 

or using puromycin. For the GSC lines, transduction was performed in the absence of 

polybrene due to it being cytotoxic and inducing differentiation.  

2.13 Immunofluorescence 

Immunofluorescent analysis (IF) was performed as follows. Cells were either seeded on 

25 mm coverslips or 3D-printed, incubated overnight and then culture medium was 

removed and cells/constructs were washed with PBS. Cells or constructs were then 

fixed using 4% para-formaldehyde (PFA) and incubated for 20 minutes at room 

temperature. PFA was removed and cells washed in IF wash buffer (Table 2.3). To 

block non-specific staining, fixed cells were incubated with IF blocking buffer (Table 

2.4) for one hour at room temperature. Then, primary antibody (Table 2.5) was added at 

a concentration of 5 µg/ml in antibody dilution buffer (Table 2.6) and incubated 

overnight at 4 ºC. Cells were washed with IF wash buffer followed by a 90-minutes 

incubation with the secondary antibody Alexa Fluor 488 (Life Technologies). Cells 

were then washed again with wash buffer before adding the nuclear staining dyes 

DRAQ5 or DRAQ7 (abcam) at a final concentration of 5 µM for 15 minutes. Coverslips 

were then mounted without previous washing using ProLong Gold Antifade Mountant 

(Thermo Fisher) into microscopy slides and visualised using a confocal microscope and 

3D printed constructs were kept in PBS in the well plates protected from the light. Fixed 

coverslips and constructs were kept at 4 ºC until use. 
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Wash buffer 

0.1 % w/v Bovine serum albumin (BSA) 

Phosphate buffered saline 

 

 

Table 2.3. Wash buffer for IF 

 

 

 

 

Blocking buffer 

0.2 % fish gelatin 

Phosphate buffered saline 

 

 

Table 2.4. Blocking buffer for IF 

 

 

 

 

 

 

Primary antibodies Type Reactivity 

O4  Mouse monoclonal IgM Human, mouse, rat and 

chicken O4 

GFAP Mouse monoclonal IgG1 Human GFAP 

SOX2 Mouse monoclonal IgG2A Human and mouse 

SOX2 

Nestin Mouse monoclonal IgG1 Human Nestin 

 

 

Table 2.5. Primary antibodies used for IF 

 

 

Antibody dilution buffer 

1 % BSA 

0.3 % Triton X-100 

Phosphate buffered saline 

 

 

Table 2.6. Antibody dilution buffer for IF 
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2.14 Histology 

3D printed constructs were fixed in Neutral buffered formalin (NBF) for 2 – 3 days 

before being handed out to Helen Caldwell, Histology Research Service, Division of 

Pathology, University of Edinburgh; were constructs were dehydrated, embedded in 

paraffin, sectioned and stained for eosin and haematoxylin (H&E). 

 

Neutral buffered formalin (NBF) 

3.7 % formaldehyde 

46 mM Na2HPO4 

29 mM NaH2PO4 

 

 

Table 2.7. NBF composition for histology 

 

2.15 Agarose electrophoresis 

Agarose gel was made in TAE buffer at a 1% w/v concentration by microwave-heating 

the solution in a conical flask. Once the temperature of the solution was just above 

solidification, 5 μl of SYBR safe DNA gel stain (Invitrogen) was added per 150 ml of 

agarose solution and mixed. The solution was then poured into gel plates, bubbles 

removed and well-comb inserted. Gels were then cooled down in the dark until 

complete solidification and submerged in TAE buffer (Table 2.8) into the gel box. DNA 

samples were mixed with loading buffer (Table 2.9) and 20 μl of the mixed solution was 

loaded into each well. For size estimation, 5 μl of HyperLadder (Bioline) was used as a 

marker. Gels were run at 100 V for 1 hour. DNA bands were visualised using a digital 

imaging system (CCD camera, GE Healthcare).  

 

TAE buffer 

40 mM tris-acetate 

1 mM EDTA 

pH 8.3 

 

 

Table 2.8. TAE buffer 
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Loading buffer 

0.25% (w/v) bromophenol blue 

0.25% (w/v) xylene cyanol FF 

30% (w/v) glycerol) 

 

 

Table 2.9. Loading buffer 

2.16 Agarose gel extraction 

To extract DNA from agarose gels, bands were identified using a long wave U.V. lamp. 

The portion of interest was cut out using a clean scalpel and DNA was extracted using 

QIAquick Gel Extraction Kit (Qiagen) following the standard protocol. Briefly, gel was 

dissolved in the appropriate buffer in a water bath at 50 °C; once dissolved, DNA was 

precipitated with isopropanol and purified using a column. DNA was eluted in 10 mM 

tris buffer at pH 8.0. 

2.17 Molecular cloning for FPs 

Cells lines were generated by lentiviral transductions. Fluorescent proteins were 

subcloned using BamHI and NotI sites in the empty vector pHR-SIN. Kinase biosensors 

for ERK, p38, PKA and JNK were generated using pLenti-PGK-puro-DEST-KTR-

Clover plasmids, generously provided by Markus Covert (Addgene ID: 59150, 59152, 

59153, and 59151 respectively). Table 2.10 shows all the plasmids used in this work. 

PCR-cloning was performed using an empty mCherry C1 vector as template. PCR 

products were then analysed using electrophoresis in agarose to confirm single product 

formation and correct size of around 700 bp. The PCR product was then subcloned 

using a TOPO vector following manufacturer’s instructions (Invitrogen). Gel extracted 

TOPO mCherry BamHI/NotI and a pHR-SIN EGFP vector were both digested using 

BamHI and NotI. Insert and vector were ligated in a 3:1 ratio and the ligation product 

used to transform TOP10 competent cells. After 16 hours, several colonies appeared in 

the plates. Four colonies were picked, grown overnight and plasmid DNA was extracted 

and sent for sequencing. Sequencing confirmed that the four of them were pHR-SIN 

mCherry with a 100% match when compared with the wild-type mCherry sequence. 

Competent cells were then transformed with a mini-prep plasmid product; single colony 

picked and replicated it using a maxi-prep kit to get purified pHR-SIN mCherry 
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plasmid. Lentiviral particles were then generated as previously described and U87MG 

cells were then transduced with a 10 % of viral volume using polybrene. 48 hours after 

transduction, cells were imaged and red fluorescence could be observed. U87MG-

mCherry and MM6-mCherry cell lines were then selected by clonal expansion. 

Similarly to the mCherry plasmid, primers were designed to incorporate, in addition to 

the BamHI and NotI sites, a myristoylation sequence before mCherry. Myristoylation is 

a modification in which the lipid n-tetradecanoic acid binds to the N-terminus of a 

peptide sequence and as a consequence of it, the protein interacts with biological 

membranes and changes its localization (Maurer-Stroh et al., 2002). By introducing the 

myristoylation sequence 5’-ATGGGCTGCGGTTGTTCTTCCCACCCTGAG-3’ we 

can obtain a system in which cells are labelled with mCherry almost exclusively in the 

membrane. PCR procedure was the same as before (Table 9) and this time, after 

digestion of ligand and vector, direct ligation was performed in a ratio 5:1. Colonies 

were picked and analysed by electrophoresis of digested plasmid and sent for 

sequencing to further confirm the correct product. Sequencing confirmed it to be pHR-

SIN Myr-mCherry and HEK293T cells transduced with a 10 % of viral volume showed 

red fluorescence 48 hours after transduction. However, other lines such as U87MG and 

MRC5 did not give satisfactory results, showing the signal being localized in the 

cytoplasm and not only the cell membrane. 

To allow nuclear localisation of EGFP, oligonucleotides were designed to include two 

nuclear localisation signal (NLS) sequences. The NLS sequence 5’CCAAAAAAG- 

AAGAGAAAGGTAGAAGACCCC-3’, originally described as SV40 large T antigen 

NLS, can be tagged to the protein of interest, in this case EGFP, and cause the 

translocation of the protein into the nucleus of the cell through binding of the protein to 

the translocation protein importin which form a complex with it and when it reaches the 

nuclear pore, it releases the protein due to the loss in binding affinity caused by ran-

GTP (Freitas and Cunha, 2009). 

To incorporate the two NLS secquences, pHR-SIN EGFP plasmid was digested using 

BamHI. After confirming the good efficiency of the digestion, direct digested vector 

was used. To prepare the insert, the two oligonucleotides containing the NLS sequences 

were mixed in a 1:1 ratio. Annealing was achieved by heating the solution at 95 °C and 
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left to cool down slowly in a water bath. After phosphatase treatment of the vector, 

ligation was performed by mixing vector and annealed oligonucleotide in a 1:1 ratio. 

After transformation of competent cells, several colonies were picked and sequence was 

analysed by electrophoresis of digested plasmid and sequencing, which confirmed all 

samples to be pHR-SIN-2NLS-EGFP. U87MG cells were transduced with different 

volumes of the viral solutions prepared with the plasmid and it showed a potent nuclear 

green fluorescent signal; however, cells transduced with 2NLS-EGFP showed a slow 

cell growth and clonal selection was not possible. Cerulean DNA sequence was 

obtained by digestion of pmCer-N1 vector with BamHI and NotI and then ligated in a 

pHR-SIN BamHI/NotI vector by direct ligation, as previously described, in a 5:1 ratio 

between insert and ligand. Correct sequence was analysed by electrophoresis and 

confirmed by sequencing to be pHR-SIN Cerulean. Cells were transduced with a 5% of 

viral volume and clonal population was selected to generate U87MG-cerulean, MM6-

cerulean and WI38-cerulean. For EYFP, the same PCR primer than mCherry was used, 

and a pEYFP C1 vector was used a template. Cells were transduced with a 5 % volume 

of viral volume and cells selected by clonal expansion to generate stable U87MG-

EYFP, MM6-EYFP and WI38-EYFP lines, showing yellow fluorescence. 

Name Origin Reference 

pHR SIN EGFP Todd Waldman lab Addgene catalogue number 

30391 

pLenti-PGK-puro-DEST-

p38-KTR-Clover 

Mark Covert lab Addgene catalogue number 

59152 

pLenti-PGK-puro-DEST-

ERK-KTR-Clover 

Mark Covert lab Addgene catalogue number 

59150 

pLenti-PGK-puro-DEST-

PKA-KTR-Clover 

Mark Covert lab Addgene catalogue number 

59153 

pLenti-PGK-puro-DEST-

JNK-KTR-Clover 

Mark Covert lab Addgene catalogue number 

59151 

 

Table 2.10. Plasmid list 
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2.18 Preparation of competent cells 

Chemically competent Escherichia coli strain TOP10 was prepared by expansion of a 

starter culture by the RbCl method. First, cells from a single bacterial colony were 

inoculated in 5 ml of LB medium at 37 °C overnight at constant shaking of 180 rpm. 

The culture was then transferred to 500 ml of LB and kept shaking at 37 °C for around 

4 hours, when the optical density of the cell suspension was 0.5 at 550 nm. The cell 

culture was then chilled on ice for 5 minutes and centrifuged at 4000 rpm for 

10 minutes at 4 °C. The cell pellet was then re-suspended in 40 ml of TOP10 buffer 1 

(Table 2.11). Cells were then harvested following the same procedure and this time re-

suspended in 7.5 ml of TOP10 buffer 2 (Table 2.12). Aliquots of the cell suspension 

were finally snap frozen using liquid nitrogen and stored at -80 °C. 

 

TOP10 buffer 1 

30 mM KOAc 

100 mM RbCl 

10 mM CaCl2 

50 mM MnCl2 

15% glycerol 

pH 5.8 

 

 

Table 2.11. TOP10 buffer 1 

 

 

TOP10 buffer 2 

1 mM MOPS 

10 mM RbCl 

75 mM CaCl2 

15% glycerol 

pH 5.8 

 

 

Table 2.12. TOP10 buffer 2 

 

2.19 Transformation of competent cells 

Transformation of E. coli was performed using TOP10 chemically competent cells. 

Between 0.5-1 μl of either ligand product, mini-prep or maxi-prep solution was added to 

20 μl of TOP10 cells suspension and incubated on ice for 30 minutes. After incubation, 
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vials were submerged in a water bath at 42 °C for 30 seconds and immediately placed 

on ice. 250 μl of Super Optimal Broth (SOB) media (Table 2.13) supplemented with 20 

mM of glucose was added in each vial and then incubated at 37 °C with constant 

shaking for 60 or 90 minutes for ampicillin and kanamycin resistant plasmids 

respectively. Cell suspensions were then spread onto selective agar plates containing 50 

μg/ml of ampicillin or kanamycin and incubated overnight at 37 °C. Controls 

transforming the wrong antibiotic resistance vector were added in each experiment. 

 

SOB medium 

2% w/v tryptone 

0.5% w/v yeast extract 

8.56 mM NaCl 

2.5 mM KCl 

10 mM MgCl2 

10 mM MgSO2 

 

 

Table 2.13. SOB medium 

 

 

 

LB broth 

10 g/l tryptone 

5.0 g/l yeast extract 

5.0 g/l NaCl 

pH 7.0 

 

 

Table 2.14. LB broth composition 

2.20  Purification of plasmid DNA 

Single colonies of transformed competent cells were picked using a microbiology loop 

and placed in 4 ml of LB broth (Table 2.14) supplemented with the appropriate 

antibiotic and incubated overnight at 37 °C with constant shaking. Then, when small 

amount of DNA was required, a mini-prep kit (Qiaprep Miniprep Kit, Qiagen) was used 

following manufacturer’s standard protocol. When high concentration and/or purity of a 

plasmid was required, the 4 ml cell suspension was added to 400 ml of LB broth and 

further incubated overnight. Cells were then harvested by centrifugation at 3,270 rpm 
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for 10 minutes at 4 °C and plasmid DNA purified using a maxi-prep kit (QIAfilter 

Plasmid Maxi Kit, Qiagen) following manufacturer’s instructions. 

DNA concentrations were adjusted to 200 ng/μl for mini-preps, and 1,000 ng/μl for 

maxi-preps. To measure concentration and purity of plasmid DNA, absorbance was 

assessed using a microplate-reader (Omega Star, BMG Labtech) at 260 nm and 

checking that the 260/230 and 260/280 ratios were optimal (~2 and ~1.8).  

2.21 Cell transfection 

Cultured cells were seeded at 1x105 cell/ml and left overnight to attach and acquire 

normal morphology. Then, serum-free Opti-MEM was mixed with TransIT-LT1 reagent 

(Mirus) following manufacturer’s protocol. Briefly, 1 μg of maxi-prepped plasmid was 

added to 3 μl of TransIT and incubated for 30 minutes at room temperature. The 

solution was then gently added drop-wise to the cells. After 24 hours, the medium was 

changed and replaced with complete medium. To assure transfection success, an empty 

pEGFP-N3 plasmid was transfected as an efficiency control using fluorescence. 

2.22 Lentiviral generation 

The lentiviral system here used is classified as second-generation. It is based on a self-

inactivating HIV-1 vector that has gone through deletion of a part of its 3’ long terminal 

repeat (LTR), which makes the plasmid self-inactivating after being integrated in the 

genome by cells (Zufferey et al., 1998). This system requires the viral genes gag, pol 

and rev, and unlike the third-generation lentiviral systems, also tat for transgene 

expression from the LTR. In this thesis work, lentiviral particles were generating by 

transfecting with three plasmids: a mammalian expression vector for the VSV-G 

envelope, a Δ8.2 packaging plasmid encoding gag, pol, rev and tat; and the gene of 

interested inserted into a pHR-SIN backbone (Figure 2.1). To generate second-

generation lentiviral vectors carrying the genes of interest, HEK293T cells were used. 

First, a 15 cm2 dish was seeded with 6x106 cells and allowed to attach overnight. Next 

day, cells were transfected as previously described using a pHR-SIN backbone with the 

plasmid of interest sub-cloned, VSV-G envelope glycoprotein and the Δ8.2 lentiviral 
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construct (encoding gag, pol and rev). When the triple transfection is successful, 

lentiviral particles carrying the gene are generated. After 18 hours the medium is 

changed, cells are left for 48 more hours to generate the lentiviral particles and then 

medium is removed, centrifuged to spin down any cells and supernatant containing the 

lentiviral vectors is taken, aliquoted and kept at -80 °C. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. pHR-SIN map 

Map of the lentiviral-vector pHR-SIN, showing the mains features present in it. 
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2.23 PCR 

Fluorescent Protein (FP) cDNAs were amplified using custom primers - BamHI/NotI 

and Myr-mCherry BamHI/NotI from available plasmids (Table 2.15) The same primers 

were used for EGFP, mCherry, EYFP and cerulean due to the start and end of the 

sequence being identical among them. PCR was performed using an empty mCherry-C1 

vector as template and using 10 μM of each primer. The reaction was made using KOD 

Hot Start DNA Polymerase kit (Novagen) according to manufacturer’s protocol. The 

reaction was performed in a Thermocycler S1000 (Bio-rad) at the cycle settings shown 

in Table 2.16. After amplification, PCR product was checked by agarose 

electrophoresis. 

 

FP BamHI Forward CGAGGGATCCGCCACCATGGTGAGCAAGGGC

GAGGAGG 

FP NotI Reverse GGTTGCGGCCGCTCACTTGTACAGCTCGTCCA

TGCC 

Myr-mCherry BamHI Forward CGAGGGATCCGCCACCATGGGCTGCGGTTGTT

CTTCCCACCCTGAGGTGAGCAAGGGCGAGGA

GG 

 

 

Table 2.15. Primers for PCR 

 

 

 

PCR settings   

1 95 °C 2 min 

2 95 °C 20 min 

3 50 °C 20 min 

4 70 °C 1 min 

5 Step 2-4 25 times 

 

 

Table 2.16. PCR settings 
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2.24 1H-NMR 

1H-NMR data was acquired in an AVIII400 (Bruker) with water suppression; high 

power 1H pulse of 10 μs at -1.83 dB, the number of scans were 256 with a relaxation 

delay of 1 sec and acquisition time of also 1 sec. Line broadening was 1 Hz. Acquisition 

was performed by Dr David Ellis at Heriot Watt University. 

2.25 Statistical analysis 

Statistical analysis was done using GraphPad Prism 6. Data represented as mean ± SD. 

Number of replicates (N) for every experiment was 3 unless otherwise stated. ANOVA 

and t-test were used for comparison analysis. Every experiment was repeated three 

times unless otherwise specified. Differences were considered statistically significant 

using a p-value lower than 0.05. 
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Chapter 3 

3D printing of a small tumour 

construct 
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3.1 Introduction 

In order to generate a reproducible system that can be used for the testing of drugs, a 

small structure must be first fabricated to prove that the method is relatively easy to 

perform. The generation of labelled cell lines is a necessary step to visualise different 

cell lineages within the structure. This cells lines need to remain viable in the conditions 

of the printing process and for long enough to allow for the experiments to be carried 

out. Currently, most authors print at a low cell density, which we believe is not 

representative of a tumour, which is generally very dense. Here, we aimed to try to print 

cells that are viable even at very high densities. Next, it is important for the method to 

be easy to apply to the study of different tumour types, therefore, the system must be 

tested in a variety of tumour cells from different origins. 

An expected problem using alginate was the lack of adhesion molecules present in the 

structure, which might lead to the incorrect modelling of the tumour microenvironment. 

To solve this, a modified matrix must be generated to allow for cell attachment. By 

modifying a natural non-toxic polymer such as alginate, we can retain the advantages of 

using it, such as good printability, non-toxicity and economic price, while solving the 

main disadvantage, the lack of cell adhesion. 

3.2 Cell line generation 

3.2.1 Introduction 

As the first step before the 3D printing of cell-laden tumour constructs could begin, it 

was necessary to have a tool to easily label cells with fluorescent proteins. This is 

important because it is essential that incorporation of different cell lines can be easily 

achieved depending on the requirements of the particular experimental setup desired. It 

was decided that lentiviral particles carrying genes which give fluorescent molecules 

was the best way to achieve that, due to the virally-transduced system achieving the 

stable integration of the gene of interest and usually guaranteeing the permanent 

expression of the protein. There are some added advantages such as being able to 

integrate both dividing and non-dividing cells, lack of expression of viral proteins after 

the process, safer than other viral alternatives and relatively easy to generate and to use 

(Sakuma et al., 2012). Fluorescent molecules such as fluorescein diacetate can also be 
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used but the option is less desirable as fluorescent intensity is variable and they do not 

allow for the imaging of the same construct over long time periods. 

3.2.2 Generation of cell lines 

In order to maximize the possibilities of cell labelling, plasmids for several fluorescent 

proteins were prepared. Primers for PCR-cloning were designed to incorporate different 

fluorescent protein (FP) sequences (Table 9). This included fluorescent proteins with 

specific sub-cellular localisations, such as engineering localisation to the plasma 

membrane to facilitate the analysis of individual cell morphology in dense cell 

constructs, achieved through the addition of an N-terminal 

myristoylation/palmitoylation signal (Myr-mCherry). Cloned sequences were always 

confirmed by DNA sequencing and incorporated into lentiviral vectors. This way, 

successful labelling for mCherry, myr-mCherry, NLS-EGFP, mCerulean and EYFP was 

achieved (Figure 3.1 A – G).  
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A B 

C D 

E F 

G 

mCherry Myr-mCherry 

NLS-EGFP mCerulean 

EYFP 

Myr-mCherry Myr-mCherry 
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Figure 3.1. FP labelled cells 

Cells labelled using lentiviral vectors for different fluorescent proteins. Cell 

lines generated from oligoclonal selection, (A) U87MG-mCherry (B) 

HEK293t-myr-mCherry. (C) U87MG-myr-mCherry. (D) MRC5-myr-mCherry. 

(E) U87MG-2NLS-EGFP. (F) U87MG-cerulean. (G) 3D printed U87MG-

EYFP. Images acquired using an EVOS Floid microscope. 
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To generate stable cell lines, U87MG, WI38 and MM6 cells were transduced using a 

lentiviral delivery system able to produce a stable integration of the different FP 

sequences in the genome. Two days after transduction, cells were checked for FP 

expression using fluorescence microscopy. The efficiency of the transduction for 

U87MG and MM6 was above 95 % in all cases, with the fibroblast cell line WI38 being 

the most difficult one to transduce achieving around 60 % efficiency. This problem was 

solved by transducing the cells in serum free medium, achieving then a transduction 

efficiency of more than 90%. Cells were initially counted and seeded in new well-plates 

to allow the selection of a single transduced cell for printing testing experiments. To 

avoid bias in further experiments, oligoclonal populations were derived and used 

throughout the entire project. These cells were then replicated for around two weeks to 

confirm the generation of a stable cell line with 100% of cells expressing the FP.  

3.3 Optimization of printing process using a Fab@home printer 

To first characterize the suitability of a bioprinting process, an open-source printer 

Fab@home was used (Figure 3.2). The 3D printer was assembled and modified by 

Atabak Ganizadeh Tabriz at Heriot Watt University and optimization of the process was 

done in a collaborative basis with him.  

The original Fab@home printer was developed in 2006 by students at Cornell 

University, Ithaca, USA; with the intention of allowing the general population to have 

easy access to 3D printing technology (Malone and Lipson, 2007). It consists on a dual 

syringe extrusion system with a stage able to move in the three axes with a precision of 

100 µm. A syringe pump controls the two syringes at a maximum speed of 10 mm/s 

with an estimated resolution of 25 µm. Both syringes can be controlled separately and 

deposit different materials, e.g., liquid, gels, pastes and slurry. Although this 3D printer 

was intended to be used with materials such as epoxy or silicones, it was soon used in 

bioengineering applications to bioprint structures using alginate (Wüst et al., 2011). 
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Figure 3.2. 3D printer 

Modified Fab@home 3D printer used for cell-laden alginate microextrusion 

printing. 
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The approach taken to use the Fab@home for bioprinting consists of using a high 

concentration alginate solution which is loaded into the syringe used by the 3D printer. 

Said solution gets then diluted with a cell suspension very carefully and inside the 

syringe, this way guaranteeing that there is no loss of cells and making the mixing 

process easier. Once the cells have been mixed and the solution is homogeneous, after 

approximately one minute of constant careful mixing with a pipette tip, the alginate 

solution is partially cross-linked in such a way that the resulting gel can be easily 

printed, while at the same time allowing the deposition of layers on the z axis and 

without reducing cell viability significantly.  

3.3.1 Partial cross-linking 

 

The rationale behind having a step of partial cross-linking of the alginate solution is, 

first, to be able to build the 3D structure in the z axis, depositing several layers of the 

material without collapsing; secondly, doing so in a way such as the material has not 

formed a firm gel prior to printing, to avoid the need of excessive pressure to achieve 

extrusion; and finally, it allows us to tune the properties of the printing if there is a need 

to choose between maximizing cell viability or printability. Micro-extrusion 3D printing 

generally has shown poor results in viability in a wide range from 40 – 80 % (Murphy 

and Atala, 2014), with this method, an attempt to overcome this characteristic was 

studied. 

It was found experimentally that the best cross-linking agent for partial cross-linking is 

calcium. The use of barium gives a degree of cross-linking that is too rapid and 

irreversible and therefore, when the solution is exposed to concentrations of barium 

high enough to achieve cross-linking, it forms areas of high cross-linking gel 

surrounded by uncross-linked parts, not generating a homogeneous gel (Figure 3.3). 

Preliminary results by Atabak Ganizadeh showed that a final concentration ratio of 1:10 

(% w/v alginate : mM of CaCl2) with a volume ratio of 3:1 seems to be an optimal ratio 

to achieve a homogeneous solution which does not get very diluted without having a 

concentration high enough to show the non-homogeneous effects previously reported 

with barium. A simple experiment was carried out by preparing solutions of alginate 

and calcium with specific ratios in tubes which were then centrifuged at low speed for a 
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few minutes to get the solution deposited at the bottom, then the tubes were flipped over 

to see whether the solution falls or is able to remain in the upper part of the tube (Figure 

3.4 A). It can be seen that the solutions from 0.5 – 2.5 % alginate, cross-linked with      

5 – 25 mM of CaCl2, are not able to support themselves and have a consistency that is 

too liquid to generate good 3D printed structures. The solutions containing 3 and 3.5 % 

of alginate, with 30 and 35 mM CaCl2 respectively, are in an intermediate situation 

where the solution is already a gel with some consistency but that slowly deposits at the 

bottom of the tube. And finally, the solution made from 4 % alginate 40 mM CaCl2 up 

to 6% with 60 mM CaCl2 show a gel with enough viscosity to remain in the tube. This 

data can be quantified as viscosity using a rheometer as it is shown in Figure 3.4 B, and 

it shows the wide range of viscosities that can be achieved by changing the 

concentration of alginate and CaCl2. Mechanical and rheological measurements were 

assisted by Dr Stephen Euston, Paul Scanlan and Javier Torralba, Heriot Watt 

University. 
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Figure 3.3. Barium cross-linking 

Direct addition of barium chloride to the G-rich alginate solution results in the 

non-homogeneous cross-linking of alginate. Barium solution is added slowly in 

the space of approximately 30 seconds with constant stirring with a pipette tip. 

Some areas receive a high concentration and rapidly cross-link in a permanent 

manner (white arrow) while the barium gets captured in those parts there is not 

enough left to cross-link the rest of the gel, giving as a result uncross-linked 

areas (black arrow). Representative image of a phenomenon tested multiple 

times. 
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Figure 3.4. Mechanical properties of partially cross-linked alginate 

Partially cross-linked alginate maintaining the same ratio alginate : calcium 

chloride shows that higher concentrations give a gel that is able to sustain itself. 

Experiment carried out with Atabak Ganizadeh.  
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3.3.2 Alginate final concentration 

The next step for the printing optimization is to be able to tell in which range, among 

the previously determined partially-crosslinked concentration range, good viability can 

be achieved. To address that, U87MG-EGFP cells were 3D printed at increasing 

alginate concentrations. The final alginate concentration range was from 2 – 6 %. The 

3D printed constructs containing 8x106 cells/ml of U87MG-EGFP were kept in an 

incubator for 24 hours and then propidium iodide was added to a final concentration of 

2.5 µM and incubated for another 30 minutes. Constructs were then imaged using a 

confocal microscope and viability determined using Imaris to calculate the relation 

between total number of cells and cells showing green fluorescence (Figure 3.5 A-F). 

The experiment shows that cell viability is very high up to 4 % alginate, maintaining a 

value of 95.5±2.6, 94.8±0.4 and 92.9±0.9 % of viable cells for 2, 3 and 4 % 

respectively. Alginate concentration of 5 % starts showing a significant decrease in 

viability with 83.8±1.2 % and 6 % causes a steep decrease with a value of 61.5 ±9.8 %. 

Taken together with the partial cross-linking results, it was judged that 4 % alginate 

offers the best printability without affecting cell viability and therefore, following 

experiments were performed in 4 % alginates unless otherwise specified. 
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Figure 3.5. Alginate concentration effect on viability. 24h after printing 

Confocal microscopy z-stacks at different concentrations of alginate using EGFP 

expression for live cells identification and PI staining for dead cells: (A) 2 %. (B) 

3 %. (C) 4 %. (D) 5 %. (E) 6 %. (F) Quantification of live cells using Imaris. 

Detection of cells was manually curated for each quantification. Every stack was 

taken three times and the results are shown as average and standard deviation. 

Scale bar 100 µm. ANOVA analysis was performed. * p < 0.05, *** p < 0.001. 

Representative images from 3 printing experiments. 
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3.3.3 Cross-linking effect on cells 

The fact that cross-linking occurs in separated steps means that while initial partial 

cross-linking can be constant and achieve optimal viability and printability, the 

constructs can then be further cross-linked post-printing depending on the need for a 

particular experiment, e.g., the addition of Barium chloride achieves a more permanent 

cross-linking which makes the 3D printed constructs less prone to collapse and allowing 

the conservation for a longer period (Tabriz et al., 2015). 

First, we studied the effect that different doses of CaCl2 have in U87MG cells. Cells 

were seeded at 75,000 cells/ml in 96-well plates and left overnight to attach and acquire 

normal morphology. Cells were then exposed to increasing concentrations of CaCl2 and 

BaCl2 for 10 and 2 minutes respectively. These solutions were prepared by dissolving in 

ultrapure water and osmolarity adjusted to 330 mOsm/l using NaCl. The exposure times 

were chosen because preliminary results in collaboration with the group of Dr Will Shu, 

Heriot Watt University, determined that 10 and 2 minutes exposure of calcium and 

barium was enough to completely cross-link the printed constructs. Cross-linking 

solutions were then removed and remaining cations were washed away with PBS and 

then complete medium was added. Cells were incubated for 24 hours and viability 

assessed using both MTT and resazurin viability assays. Resazurin assays are shown 

here, a calibration curve was included in every plate. Figure 3.6 C shows a 

representative curve for U87MG cells at increasing number of cells. 

A 10 minutes exposure to CaCl2 showed no significant changes in number of 

metabolically active cells up to 100 mM, where a viability of 93.0±1.6 % was achieved. 

However, higher concentrations showed a significant decrease in viability, with 

200 mM showing a viability of 81.1±1.6 (Figure 3.6 A). The 2 minutes exposure to 

BaCl2 on the other hand, showed an unexpected result with concentrations as high as 

100 mM showing not only no decrease in viability, but a slight increase in the number 

of metabolically active cells when compare to PBS exposure. 100 mM treatment 

showed a 131.42±6.42 % of cells relative to the control. This effect is not an artefact of 

barium chloride effect on the reagents as control wells were included and it has been 

consistent over many experiments and quantification methods. The concentration 

needed to completely cross-link gels making them long-lasting was determined in 
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collaboration with Atabak Ghanizadeh Tabriz to be above 40 mM of BaCl2 

(Figure 3.6 B) which corresponds with a 101.43±8.9 % of viable cells; therefore, dose 

was kept to a minimum in order to avoid possible direct effects in cell viability and 

proliferation. Finally, U87MG cells were exposed to 10 minutes treatment with 110 mM 

of CaCl2 followed by 2 minutes treatment of 55 mM of BaCl2. This concentrations and 

times were tested because preliminary results by Dr Will Shu showed that were able to 

achieve cross-linking with an apparent low cytotoxicity, and therefore, they were 

experimentally considered to be the most optimal for the 3D printing process here 

developed. Cells exposed to this printing conditions were tested and determined to have 

a number of metabolically active cells of 94.1±3.8 % relative to PBS treatment 

(Figure 3.6 D). This was considered to be acceptable for the printing process and thus, 

used in the following experiments. 
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Figure 3.6. U87MG viability after treatment with cross-linking reagents. 

Viability measured using resazurin after a transient exposure to increasing 

concentrations of (A) Calcium chloride for 10 minutes and (B) Barium chloride 

for 2 minutes. (C) Calibration curve example for known number of U87MG cells 

using resazurin. (D) U87MG cells viability after being exposed to a 110 mM 

solution of CaCl
2
 for 10 minutes followed by 55 mM BaCl

2
 solution. Data shown 

as the average relative number of cells compared to PBS treatment and standard 

deviation. ANOVA analysis was performed for (A) and (B). (C) was analysed 

using t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. = non-significant. 

Etoposide 10 µM treatment for 24 hours was used as a cytotoxic control. 

Representative data from 5 experiments performed. 
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3.4  3D printing of a small structure 

Since, as previously said, extrusion-based 3D printing usually has as a result a poor 

viability, a novel protocol was designed to overcome that problem. Other extrusion-

based protocols have used either a biomaterial with worse flux properties or nozzles that 

were too long or narrow, creating a mechanical stress that reduced viability 

significantly. To minimize stress-related cell damage, the alginate solution containing 

cells was partially cross-linked right before printing; this allows a reduced shear stress 

and cell-stretch damage on the cells that is caused when compared to a solution being 

extruded through a nozzle. Also to reduce this potential problem, short nozzles were 

used, reducing the time the cells are forced to go through the narrowest part of the 

system. It was experimentally determined that the minimum nozzle diameter that could 

be used to achieve a smooth printing procedure without problems of clogging and 

excessive pressures being needed was 200 µm.  

To print small structures containing the glioblastoma cell line U87MG the procedure 

was as follows: first, U87MG-EGFP were trypsinized and completely disassociated in 

order to avoid clogging problems and assure a homogeneous cell distribution. In the 

syringe that is to be used by the printer, a 2 ml solution of sterile alginate 8 % was 

deposited carefully at the bottom. Then, 1 ml of U87MG-EGFP solution at a 

concentration of 21x106 cells per ml was added with a pipette inside of the alginate 

solution, mixing carefully until the solution becomes homogeneous. The cell-laden 

alginate solution was then partially cross-linked with 1ml of 160 mM of CaCl2 by 

slowly adding it inside of the suspension until the solution became a uniform soft gel. 

Then, with the help of a tube to compensate for the pressure difference, a rubber plunger 

is inserted in the syringe and adapted to a steel rod which connects to the 3D printer and 

allows the extrusion of the material by the motors present in the printer. The final 

concentrations in the solution were: for U87MG-EGFP cells, 5.25 million cells per 

millilitre; alginate was 4 % and CaCl2 was 40 mM.  

Constructs were printed on a 5cm petri dish in the form of a 10 mm diameter ring, with 

a rim of 3 mm and a height of 6 mm, to avoid potential hypoxia in the final structures. 

CAD design and example of a representative structure is shown in Figure 3.7 D. Right 

after the structures were printed, constructs were exposed to an excess of 110 mM of 
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CaCl2 for 10 minutes; then the solution was removed and 55 mM of BaCl2 was added 

for 2 minutes. Constructs were then washed with PBS two times to remove residual 

cations in the structures and complete medium was added to the dishes and kept in a 

humidified incubator. Viability and morphology was analysed after printing and for the 

next 11 days by imaging 100 µm z-stacks using CSLM, and Imaris to quantify cells 

expressing EGFP and cells incorporating propidium iodide (Figure 3.7 A). The viability 

of these constructs showed that right after printing, there were 92.9±0.9 % of live cells, 

confirming that the printing process seems to be relatively gentle to the cells. Following 

days showed a viability of 95.5±1.1 %, 93.6±2.1 %, 87.5±3.9, 88.6±6.4 and 88.0±4.3 % 

of viability for 2, 4, 7, 9 and 11 days post-printing respectively (Figure 3.7 B). There 

appears to be cell proliferation in the constructs, which was not investigated in detail 

due to the goal being the fast generation of tumour models at a high cell density and not 

the growth of cells within the constructs.   

Cell morphology is generally spherical, which is in agreement with the absence of cell-

attachment signals in alginate. However, after day 7 numerous clusters of cells of 

between 100 - 300 µm3 can be found in the samples (Figure 3.8 A); cells in those 

clusters show viability above 85 %. Also, 9 and 11 days after printing some parts of the 

constructs start showing very densely organized structures of more than 500 µm that 

resemble cell attachment (Figure 3.8 B). 
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Figure 3.7. 3D printed U87MG-EGFP cells. 

(A) Confocal microscopy z-stacks of 3D printed constructs immediately after 

printing until 11 days later showing EGFP fluorescence of live cells and PI 

staining of late apoptotic and necrotic cells. Scale bar 100 µm. (B) Viability 

measured as PI negative cells relative to total cell number using Imaris software. 

(C) Design of the 3D structure and example of a printed construct used in this 

experiment. Data represented as mean (SD). *** p < 0.001. Viability calculated 

from 3 different constructs 3D printed in the same experiment. 
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Figure 3.8. 3D printed U87MG-EGFP cells showing intercellular interaction. 

(A) Clusters of cells frequently found after 8 days of dense cultures. (B) Tissue-

like structures formed by the cells. Red fluorescence from PI indicating late 

apoptotic and necrotic cells. These images were selected from areas showing 

strong cell-cell interaction This effect was however observable multiple times in 

different experiments and seemed to depend on initial cell density and time. Scale 

bar 100 µm 
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3.5 High cell density printing 

Since the aim of this work is to develop a 3D strategy to use mainly for drug screening, 

it is important that the printed constructs can be generated already in a high cell density 

fashion, as opposed to creating a 3D culture which requires time to grow and be useful 

for the application. Other methods such as organoids are based on the seeding of cells 

that can self-organize and form a physiological or pathological tissue. However, the 

time-scale needed for these experiments may not be suitable for determined studies such 

as drug screening. In addition to the practicality of the methodology for drug screening, 

it is important to consider that tumours are very often high cell density aggregates and 

that characteristic has been linked to drug efficacy and therapy resistance (Brown et al., 

2016). 

Following the same procedure as previously described, small constructs were 3D 

printed, this time using a final U87MG-EGFP concentration of 66x106 cells/ml. Z-

stacks of 25 µm were imaged using CSLM and viability was assessed using EFGP 

fluorescence for live cells and propidium iodide to stain apoptotic and dead cells 

24 hours after printing (Figure 3.9 A). These high-density constructs show a viability of 

96.3±0.4 %, which is high and shows that the method can be used for printing high cell 

density constructs without a significant decrease in cell viability. To study if low cell 

density constructs could be fabricated and cells allowed to proliferate for long time 

periods, very low cell-density constructs at a cell density of 1x105 U87MG/ml were 3D 

printed and cultured for 7 days. The low density meant that the cells started growing in 

a focalised manner, quickly forming clusters as shown in Figure 3.9 B. Also, constructs 

with a cell density of 4x106 U87MG-EGFP cells/ml were 3D printed in the same way as 

the previous ones and kept in an incubator with constant medium changes every 2 – 3 

days for 26 days. Cells were then imaged in the same way and z-stacks analysed 

showing that cells proliferate from day 1 (Figure 3.9 C) until day 26 (Figure 3.9 D) with 

no apparent necrotic effect in the core of the constructs, showing that these structures 

can be maintained for long time periods without nutrient intake and waste 

accumulations becoming a problem for this construct and cell type. 
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Figure 3.9. U87MG-containing constructs at high cell density 

3D printed constructs containing (A) 66 million U87MG-EGFP cells per 

millilitre. (B) Histological eosin and haematoxylin staining of 4 million U87MG 

cells per millilitre fixed 5 days after printing forming clusters. (C) Low cell 

density construct containing 4 million U87MG cells per millilitre at day 1 and 

(D) day 26 after printing. Histology analysis was performed once. (A, C and D) 

are representative of at least 3 experiments. Cells were stained with PI. Scale bar 

100 µm 
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3.6 Alginate modification 

As already explained in 1.6.1.1.3, alginate shows no evidence of recognition sites for 

cell-specific adhesion nor electrochemical properties which can lead to cell attachment. 

Cell adhesion is an essential characteristic in many cell communication and regulatory 

processes, and a basic feature to recapitulate a tissue (Khalili and Ahmad, 2015). Many 

different cell types go through apoptosis when are not growing in an adhesive manner. 

This mechanism is believed to contribute to tissue homeostasis by avoiding cells 

detaching from their original matrix and remaining viable to invade other tissues. The 

process was first described in 1994 (Frisch and Francis, 1994) and the authors called it 

anoikis.  

While sometimes described as a different process per se, anoikis is a mechanism which 

leads to apoptosis and occurs in the same way as apoptosis caused by different reasons. 

The start of the anchorage-dependent apoptotic process is due to both cell surface 

receptors, or extrinsic pathway, and mitochondrial perturbation, or intrinsic pathway 

(Grossmann, 2002). Evasion of anoikis is a process that is now considered a hallmark of 

cancer; this is due to tumour cells benefitting from lack of anchorage-depending 

sensitivity. This characteristic means that cells can more easily escape their original site 

and invade other tissues and therefore, anoikis plays a role in preventing metastasis 

(Paoli et al., 2013). 

In the previous experiments, it was showed that high viability can be achieved when 

U87MG cells are 3D printed using alginate as their matrix. However, the cells used are 

a glioblastoma cell line which has shown to be anoikis-resistant, likely due to activation 

of the phosphoinositide 3-kinase (PI3K pathway) being constitutively activated thanks 

to U87MG being PTEN null (Khwaja et al., 1997; Westhoff et al., 2008). To 

recapitulate correctly cell behaviour and response to treatment while being able to 

maintain primary cells which are expected to be anoikis-sensitive within the 3D printed 

constructs, the alginate matrix was modified to allow for cell attachment. To test the 

new matrices, U87MG cells were used for experimental convenience. While the cells 

can survive without attaching, they do not spread, remaining spherical. Therefore, by 

observing the morphology of the cells, the matrix can be tested before using it for 

primary cells. In addition, a modification to be able to visualize the matrix through 
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fluorescence microscopy was carried out. Initial experiments incorporating cell-

adhesive materials such as collagen, gelatin and Cytodex-3, a collagen coated 175 µm 

beads commercial material, showed a mild attachment increase (Figure 3.10 A – E), 

however, these materials changed the mechanical properties of alginate in a way that 

made alginate concentrations changes necessary, and the attachment increase, in 

addition to partial, was also short-term. 
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Figure 3.10. Alginate matrices incorporating adhesive materials 

U87MG-EGFP cells were grown for 24 hours in (A) 2D control (B) 4 % alginate 

(C) 1 % alginate with 4 % cytodex (D) 4 % alginate with 4 % collagen (E) 1 % 

alginate with 4 % gelatin. This showed that the addition of cytodex, gelatin and 

collagen can increase slightly the attachment compared to alginate, but cells still 

showed a rounded morphology far from the attachment seen in 2D (A). This 

experiment is representative of more than 5 independent experiments. Scale bar 

100 µm. 
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3.6.1 RGD-alginate 

One of the easiest polymer modifications that can be done to increase the attachment of 

cells to an alginate matrix is an amidation process to incorporate an attachment peptide 

sequence. The simplest peptide sequence that can achieve that is one containing 

arginylglycylaspartic acid, also known as RGD, which is a common attachment motif 

present in natural extracellular matrix proteins such as fibronectin and it is reviewed in 

1.6.1.1.3. To do this, a modified protocol based on the work of David Mooney’s group 

was used (Rowley et al., 1999). Synthesis reactions were assisted by Keith Laverty, 

undergraduate student at Heriot Watt University, under my supervision. Dr Nicola 

Howarth and Dr Arno Kraft, Heriot Watt University, helped in the design of the 

synthesis reactions. 

First, alginate was sterilised by exposing the powder to ultraviolet radiation for 2 hours 

inside a laminar flow cabin. Sterilisation was necessary because the alginate powder 

must be dissolved in a 0.1 M solution of 2-(N-morpholino) ethanesulfonic acid (MES). 

MES is a good biological buffer solution and prone to get rapidly contaminated, which 

makes sterilization necessary to avoid alginate degradation by alginases present in 

microorganisms. Once 1.15 g (5.75 mmol of uronic monomers) of alginate (1) has been 

completely dissolved in 100 ml of MES solution, the pH must be adjusted to 6.5 and 

NaCl added to a final 0.7 M concentration, this has been determined to be the most 

efficient. Then, as showed in Figure 3.11 A, 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (2) is added to the alginate solution in a molar proportion of 20 % relative 

to uronic acids (1.15 mmol), in order to compensate for the high pH reaction which 

would normally result in the lower efficiency of the conjugation with EDC. This 

compound reacts with the carboxyl groups present in both epimers which form alginate, 

mannuronic and guluronic acid, generating an O-acylisourea ester intermediate (3). The 

purpose of this step is to make the carboxylic group more reactive to a nucleophilic 

attack. This intermediate however, is unstable and can quickly undergo a sigmatropic 

rearrangement and generate an intermediate (8) which would not react with the peptide 

(Figure 3.11 B). To avoid this sigmatropic rearrangement, N-hydroxysuccinimide 

(NHS) must be added. Here a modified NHS, sulfo-NHS (4), was used with the 

intention of increasing the solubility of the complex and avoid any possible 

precipitation. Sulfo-NHS reacts with the O-acylisourea and forms the sulfo-NHS-ester 



 

104 

(6). This complex is more reactive than the original carboxylic group without being as 

unstable as the O-acylisourea, thus providing a suitable group for the amidation reaction 

with the peptide. A 10 % of sulfo-NHS (0.575 mmol) is enough due to the sulfo-NHS-

ester being more stable at higher pH than EDC. Finally, 23.1 µmol of RGDS peptide (7) 

is added to the reaction and constantly stirred for 1 hour. The nucleophilic amine group 

present in the L-arginyl attacks the sulfo-NHS-ester carbonyl forming the coupled 

RGDS-alginate product (6). The reason behind using RGDS and not RGD, is that as 

already reviewed in 1.6.1.1.3., another amino acid is needed after the L-aspartyl to 

achieve attachment. The RGD : Alginate ratio used was done aiming for a conjugation 

ratio of 8.7 mg (0.02 mmol) of RGDS per gram of alginate, corresponding to the 

commercial RGD-alginate NOVATACH VLVG 4GRGDSP. This concentration is more 

than the minimum described to achieve attachment (Rowley and Mooney, 2002), and 

allows a direct comparison with the commercial one. 

The final solution was then transferred to a 3.5K MWCO dialysis cassette, to exclude 

molecules smaller than 3,500 Daltons, and dialysed against ultrapure water for three 

days with constant changes of solvent and constant stirring. The solution was then 

removed from the dialysis cassette and precipitated. Alginate is insoluble in 70 % 

ethanol and therefore after adding pure ethanol to make up a 70 % ethanol solution of 

alginate, this precipitates in the form of a gel. This precipitate however still contains 

large quantities of water and is not suitable for use or analysis. The solid is removed 

from the ethanol solution and gently pressed between filter papers to extract as much 

ethanol-water solution as possible. When the product is relatively dry, it is then placed 

in a freeze drier at -80 ºC until the apparent mass of the product is stable. Freeze-drier 

operation and determination of the degree of moist was done by Vicky Goodfellow, 

Heriot Watt University. The yield of the reaction, as mass obtained respect theoretical 

mass, was 76 %. This was representative of three synthesis reactions. 
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Figure 3.11. Reaction scheme for the amidation reaction with RGDS 

(A) Reaction of alginate with RGDS peptide using EDC and sulfo-NHS to 

generate RGDS-alginate. (B) Hydrolisis reaction of alginate with EDC. 
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R = Mannuronate/guluronate 
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To assess the success of the conjugation, 1H-NMR was used (Appendix 5 and 6). The 

NMR analysis of alginate has some difficulties due to the high viscosity of the solution 

and the retention of residual water. To overcome this the solution was well-filtered and 

kept to the minimum concentration needed for a good NMR signal, and acquisition with 

water suppression was performed by David Ellis, Heriot Watt University. Water 

suppression acquisition was necessary in order to minimize the impact that residual 

water has in the NMR analysis. Two different alginate batches and RGD-conjugation 

reactions were analysed, showing the RGDS ratio of conjugation, the relative 

concentration of guluronic and mannuronic subunits and the absence of reagent 

contamination. 

3.6.2 Monomer composition 

As introduced in 1.6.1.1.3, some of the main potential problems using alginate for tissue 

engineering application are that alginate, being of natural origin, can show an important 

degree of both variability in chemical composition and presence of contaminants. Also, 

due to the characteristics of alginate that make it attractive for the use in 3D printing 

technology, namely the fast cross-linking reaction to form a durable gel that can be 

fabricated in a reproducible way, the chemical composition of the polymer it is of high 

importance, with units of guluronic acid (G) being needed to form the gel while 

mannunoric acid (M) cannot. It is therefore desirable to employ a G-rich polymer as 

opposed to an M-rich one to achieve the fastest cross-linking reaction. 

To test the G/M ratio of the alginate used here, two different Protanal LF 10/60 FT 

alginates (Novamatrix) were used. This alginate is marketed for pharmaceutical 

applications and it is sold as a reliable ultrapure G-rich alginate. Around 8 mg of 

powder was dissolved in deuterated water (D2O) and analysed by 1H-NMR as explained 

in 2.24. NMR signals were then analysed with ACD/NMR processor and peaks were 

identified and integrated following previous NMR reports for alginate (Jensen et al., 

2015; Santi et al., 2008), identifying three main parts between 4 – 6 ppm, A, B and C, 

with B being subdivided in four more picks B1-4. Figure 3.12 A shows which monomers 

are identified in each signal. Integration of the area under the curve of the NMR peak 

shown in Figure 3.12 corresponding to A was assigned as 100 %, and the rest of the 

signals calculated relative to that one, then following the formulas shown in Equation 1 
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– 8, relative proportion of the monomers (M and G), dimers and trimers were calculated 

and the full composition is shown in Table 19. The most relevant data was, for batch 1, 

G : M ratio was 70.5 : 29.5 %, the dimer GG was 39.7 % and the trimer GGG was 31.9 

%. For batch 2, G : M ratio was very close to batch 1, with 69.1 : 30.9 %, therefore a 

difference of only 1.4 %. However, the main difference is in the content of GG and 

GGG units. Batch 2 is 21.1 % richer in GGG units than batch 1, which explains the fact 

that cross-linking of batch 2-alginate occurs in a faster and more permanent way. 

Spectra comparison can be seen in Figure 3.12 B. Commercial M-rich alginate (Sigma) 

was also analysed as a comparison (Appendix 2). 
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Figure 3.12. NMR spectra of alginate 

(A) Schematic representation of expected peaks showing different proton signals from 

mannuronate (M) and (guluronate) (B) Experimental spectra of two different batches of 

alginate, batch1 (blue) and batch 2 (green). 
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Unit Batch 1 Batch 2 

G 70.5 69.1 

M 29.5 30.9 

GG 39.7 57.0 

MM 14.1 18.9 

GGG 31.9 53.0 

GGM 7.8 4.0 

MGM 7.6 4.7 

 

 

Table 19. G/M ratio for two batches of alginate 

 

3.6.3 RGD conjugation efficiency 

To estimate the conjugation of RGDS incorporation, 1H-NMR was used. The NMR 

spectra of RGDS-alginate, unmodified alginate and the reaction components alone i.e., 

sulfo-NHS, EDC and MES, are shown in Appendix 1 – 6.  

For RGDS identification, the peak at around 1.65 ppm, was identified as likely to be the 

protons γ and δ of the arginyl residue of RGDS through comparison of different batches 

of RGDS-alginate, plain alginate and the starting materials, and comparison with other 

authors synthesizing the same conjugated alginate (Sandvig et al., 2015). Comparison of 

plain alginate with RGD-alginate is shown in Figure 3.13, with two different 

alginate : RGDS ratios, showing a dependency in the concentration of RGD and the 

integration of the peak at 1.65 ppm. When the peak of arginyl was integrated relative to 

the total integration value for the protons of guluronic and mannuronic units, it was 

calculated that the conjugation value was 0.370 % and 0.184 % for 1:250 and 1:125 

respectively. A 100% conjugation efficiency would yield a molar relation of 0.4 % and 

0.2 % of RGD relative to alginate monomer, and therefore the yield of conjugation was 

of 93 % and 92 %. The synthesis was performed three times with similar yields and 

incorporation degree. 
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Figure 3.13. NMR spectra of RGDS alginate 

Comparison of plain alginate (blue) and two different RGDS : alginate ratios, 

1:250 (green) and 1:125 (brown). Data representative of three. 
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3.6.4 Functional analysis of RGD-alginate 

To assess whether the synthesized RGD-alginate was suitable for cell culture, solutions 

of 3.5 % alginate were made in PBS to use in the 3D printer. The concentration of 

alginate is lower than previously explained due to RGD alginate being slightly more 

viscous than plain alginate, making it difficult to work with a 4 % solution. 

To test the morphology of cells grown in this matrix, 1 million U87MG-EGFP/ml and 

2 million of PMA-activated-MM6-mCherry (aMM6-mCherry)/ml were 3D printed in 

3.5 % RGD alginate solution, partially cross-linked with 35 mM of CaCl2 and then 

completely cross-linked with 110 mM CaCl2. Cells were left in the incubator for 

24 hours and then imaged using a two-photon microscope with the assistance of Dr 

Rolly Wiegand, University of Edinburgh. Small z-stacks were acquired and showed that 

the cells cultured in RGD-modified matrix acquire a spread morphology consistent with 

a correct attachment to the matrix, while the plain alginate matrix kept the cells 

spherical (Figure 3.14 A, B). The cell morphology shown is representative of how 3D 

cultures of U87MG appear using the two-photon microscope, with some cells appearing 

more spread while other remain more similar to clusters. 
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Figure 3.14. Effect of RGDS conjugation in cell spreading 

Two-photon microscope image of a z-stack of U87MG-EGFP and aMM6-

mCherry 3D printed in (A) plain alginate, and (B) 3.5% RGDS-alginate. Cells 

imaged 24 hours after printing. Scale bar 50 µm. Images selected to better show 

the attachment effect were selected, representative of more than 10 experiments. 
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3.6.5 Fluorescein-conjugated alginate 

A constant concern regarding the use of alginate for 3D printing is the uncertainty about 

whether the parts of the gel showing no cells are due to the non-homogeneous 

distribution of the cells, or rather the absence of alginate altogether (Figure 3.15 A). To 

assess that, a protocol was developed to create a fluorescent matrix that can be 

visualized using microscopy at the same time that cells are imaged.  

It was decided that the best way to achieve a fluorescent matrix was to covalently 

modified alginate, as opposed to a simple mix with fluorescent beads or molecules, due 

to it being more reliable. Fluorescent beads could be also non-homogeneously mixed in 

the matrix and fluorescent molecules could have problems dissolving in the viscous 

alginate solution and escape the matrix post-printing with a loss in fluorescence. Since a 

protocol was already established for the amidation of alginate, a fluorescent molecule 

with an amine group which is non-essential for fluorescence was needed. The molecule 

chosen was 5-aminofluorescein (5-AF) (figure 3.16 A). 5-AF is a green fluorescent 

molecule which in its free form has an absorption and emission spectra that highly 

overlaps and therefore, is not suitable for fluorescence microscopy. However, when 

conjugated through its amine residue, the fluorescence changes with its derivatives 

having an absorption maximum of 494 nm and emission maximum at 510 nm (Sjöback 

et al., 1995). 

In a very similar manner than for RGD-alginate, a 2 % solution of alginate (10 mmol 

uronic monomers) was prepared in 100 ml of MES buffer with a pH of 6.6 and a NaCl 

concentration of 0.7 M. Aiming for a 10 % substitution, EDC (1.1 mmol) was added 

and stirred for 1 minute, then sulfo-NHS was added (0.5 mmol) for 5 more minutes. 

Finally, 5-aminofluorescein (9) was added (1.16 mmol) and stirred for 1 hour. Then, 

solution was dialysed as described for RGD-alginate and freeze-dried, giving a yield of 

62 % of 5-aminofluorescein alginate (10) (Figure 3.16 B). 

To analyse the properties of the 5-aminofluorescein-alginate (5-AF-alginate), 

fluorescence measurement, 1H-NMR, thin layer chromatography (TLC) and 

fluorescence microscopy were used. Fluorescence emission was measured in a multi-

plate reader (Omega) and showed that with a laser excitation of 494 nm and collecting 
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emission at 510 nm, 5-AF-alginate is fluorescent when compared to plain alginate and 

PBS (Figure 3.16 C). TLC was used to assess if there was any detectable free 5-AF in 

the solution that could be giving a fluorescent signal without really being incorporated 

into the polymer. TLC using a mixture of acetonitrile, dichloromethane and acetic acid 

(90:10:1) as eluent showed an Rf of 0.85 for 5-AF while showing no detectable signal 

for 5-AF in the modified alginate by both UV and permanganate detection 

(Figure 3.16 D). NMR spectrum was acquired (Appendix 1) showing no peaks at 

around 7 ppm characteristic of aromatic rings, likely due to the high background and 

low conjugation. Finally, to confirm the suitability of 5-AF-alginate for matrix 

visualization while imaging cells, U87MG-mCherry cells were 3D printed in a mixture 

of 3 % RGD-alginate and 1 % 5-FA-alginate; same cross-linking method as previously 

shown was used. A 1 % 5-FA-alginate proved to be enough to achieve a correct 

visualization of the matrix while still being able to image the cells correctly without the 

signal being too low or too strong (Figure 3.15 B). This modified matrix can be used to 

discriminate whether the areas where cells are not present, such as in Figure 3.15 A are 

indeed empty or there is no matrix, this is especially useful in experiments with a low 

cell concentration (Figure 3.15 A and B right panels). The morphology seen in Figure 

2.15 A and B is the usual morphology seen for mCherry-labelled cells, showing some 

brighter rounded cells and spreaded cells which appear naturally dimmer. Also, the 

fluorescence did not disappear with time and constructs remained fluorescent for at least 

5 days after printing when the experiment was terminated (Figure 3.15 C). In addition, 

being able to track the matrix allows the visualization of the three-dimensional structure 

that would otherwise be undetected (Figure 3.15 D). This structure showed that the 

deposition of the matrix is not completely homogeneous and rather forming filaments 

with small gaps throughout the structure. 
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Figure 3.15. 5-aminofluorescein alginate showing the presence of matrix 

U87MG-mCherry cells 3D printed using a mixture of RGDS-alginate and 5-AF-

alginate and imaged 24h after printing. There are areas that seemed cell-free in 

(A) and which after imaging the fluorescent signal of 5-AF-alginate (B) can be 

determined that the effect it is due to lack of material and not a heterogeneity 

problem. (C) shows that the matrix remains fluorescent for at least 5 days after 

printing. (D) shows a complex material organization. Images to better illustrate 

the characteristics were selected from 4 different experiments. Scale bar 100µm.  
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Figure 3.16. 5-aminofluorescein 

(A) Chemical structure of 5-AF showing in red the amino group susceptible of 

being used in amidation reactions. (B) Reaction scheme for the reaction between 

alginate and 5-AF using EDC and sulfo-NHS. (C) Fluorescence intensity of 5-AF 

in arbitrary units (D) TLC eluted in acetonitrile:DCM:acetic acid (90:10:1) 

showing no observable free 5-aminofluorescein (5-FA) present in the conjugated 

alginate. 
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3.7 3D printing of other cell types 

To show the potential of the technology for the 3D printing of different cancer cell lines, 

different extra lines were 3D printed following the same protocol as already defined, 

with a 3.5 % of RGD-alginate. Human cell types 3D printed included additional glioma 

cell lines such as glioblastoma lines DBTRG-05MG and T98G, and 1321N1, a lower-

grade astrocytoma; triple negative breast cancer cell lines MDA-MB-468 and MDA-

MB-231 and oesophageal cancer lines OE-33 and FLO-1 (Figure 3.17). 

In general, it can be said that all cell lines 3D printed showed good viability data, as 

assessed by adding 3 µg/ml of fluorescein diacetate and quantifying intake by live cells, 

which gets hydrolysed inside the cells and gets then retained showing green 

fluorescence; and propidium iodide for DNA staining of dead and apoptotic cells as 

previously described. Viability quantification using Imaris, showed values of 

95.5 ± 2.5 % for DBTRG, 94.3 ± 2.4 % for T98G, 91.4 ± 3.6 % for 1321N1, 

88.9 ± 3.1 % for MDA-MB-231, 79.6 ± 4.1 % for MDA-MB-468, 94.2 ± 2.6 % for 

FLO-1 and 93.2 ± 4.3 % for OE-33. Control U87MG 3D printed constructs treated with 

DMSO and 10 µM of etoposide for 24 hours were also incorporated to provide controls, 

giving a viability of 91.5 ± 2.6 % and 4.00 ± 1.1 % respectively (Figure 3.17 G). 
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Figure 3.17. 3D printed cancer cell lines 

3D printed cells in 3.5 % RGDS-alginate for the triple negative breast cancer 

lines (A) MDA-MB-231 and (B) MDA-MB-468. Oesophageal cancer lines (C) 

OE-33 and (D) FLO-1. And glioblastoma lines (E) T98G, (F) 1321N1 and (G) 

DBTRG. (H) Quantification of viability using microscopy and Imaris software 

including untreated U87MG as control and cytotoxic control by treatment with 

10 µM etoposide for 24h. Live cells are stained with fluorescein (FDA) and dead 

cells with PI. Z-stacks acquired 24h after printing in a confocal microscope, 

scale bar 100 µm. Data shown as mean (SD). Results representative of 3 

different constructs 3D printed in one experiment. 
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3.8 Complex 3D printing 

Using the optimized 3D printing protocol and RGD-alginate as the matrix, more 

complex printing experiments were designed first to create a system to 3D print a co-

culture simulating the tumour microenvironment, and secondly a two-bioink protocol in 

order to study the printing resolution achievable with this printer. We consider that 

achieving a high printing viability would help tumour biology studies in different ways. 

The selective deposition of different bioinks, that may content cells or not, could greatly 

improve the study of, for example, cell migration and single-cell behaviour in systems 

that can represent specific areas of a tumour such as the tumour-healthy tissue interface. 

In addition, the presence of different types of cells in different parts of the tumour 

model could influence the drug response. Therefore, high resolution is desirable in a 3D 

printing system. 

For the co-printing experiment, the system chosen was U87MG-EYFP as the glioma 

cancer cells, WI-38-cerulean fibroblasts and the macrophage-like cell line MM6-

mCherry. These cells represent major cell types found in the tumour microenvironment. 

They were selected for experimental ease and are not optimal choices based on biology 

due to WI-38 being primary lung fibroblasts and MM6 being cells derived from an 

acute monocytic leukaemia (Hayflick, 1965; Ziegler-Heitbrock et al., 1988). The goal of 

this experiment is therefore, showing that three different types of cells can be labelled 

and successfully 3D printed in an adhesive matrix. Cells were 3D printed in 3.5 % 

RGDS-alginate and cross-linked as previously reported. Small 3D stacks were imaged 

using the confocal microscope, showing that high density multicellular constructs can 

be fabricated and imaged (Figure 3.18 A). 

Regarding 3D printing resolution, using uncross-linked alginate and a nozzle of 

200 µm, a printing resolution in the X-Y plane can be achieved that approximately 

matches the diameter of the nozzle (Figure 3.18 B), this however proves much more 

difficult when two different nozzles are used and deposition occurs side by side; as 

shown in Figure 3.18 C using a tiled image made of small z-stacks of U87MG-EGFP 

printed next to an MM6-mCherry line, resolution can be then reduced by half, and 

therefore the size of each strand doubled in size, with some areas having a resolution of 

between 500 - 1,000 µm. This is due to the uncross-linked alginate getting in contact 



 

123 

with the nearby strand and causing the dissipation of the extruded volume in the X and 

Y axes.  Results are better when lines are printed one in continuation of the other, 

intersection showed in Figure 3.18 D, where the resolution can be maintained at around 

200 µm. The resolution improves with the partially cross-linked method. Figure 3.18 E, 

F show two adjacent lines of U87MG-EGFP and MM6-mCherry with a resolution of 

close to 200 µm. Smaller nozzles were not successful due to constant clogging and 

excessive pressure needed. 
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Figure 3.18. Complex 3D printed structures in 4 % alginate 

(A) Co-printed construct using three different cell lines together, U87MG-EYFP 

in yellow, MM6-mCherry in red and WI-38-cerulean in cyan. (B) Single strand 

of alginate containing U87MG-EGFP, (C) parallel strands of alginate containing 

U87MG-EGFP and MM6-mCherry (D) Intersection of two strands of U87MG-

EGFP and MM6-mCherry showing that the different resolution is due to the 

parallel deposition and not the use of different bioinks simultaneously. (B, C and 

D) were printed without previous cross-linking and then cross-linked after 

printing using calcium chloride 110 mM. (E and F) shows two strands printed in 

the same conditions than (C) but with previous partial cross-linking with 40 mM 

of calcium chloride. Images were selected from more than 10 independent 

repetitions. 
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3.9 Conclusions 

The results obtained showed that the alginate 3D printer can be used to print 

fluorescently labelled cell lines and imaged using fluorescence microscopy. The 

Fab@Hom 3D printer was successfully used to print small structures that were then 

cross-linked with calcium and barium. The cells remained viable for long time periods 

and a resolution of 200 µm was achieved using the partially cross-linking method; 

where the alginate solution is exposed to low calcium concentrations creating a very 

soft gel that can support itself.  

The printer was also used successfully to 3D print structures with high cell-density 

without viability being an issue. However, a clear concern was the lack of adhesiveness 

of the alginate matrix, which was hypothesised to be a potential problem when the 

system would be used for primary cells. To avoid that, the matrix was modified by 

incorporating RGDS peptides, which increased the spreading of the cells. In addition, a 

fluorescent matrix was created by incorporating 5-aminofluorescein to the alginate 

polymer. This showed that the deposition of the matrix is not entirely homogeneous and 

that some parts of the structures did not have matrix. 

To test whether the results could be extrapolated to other cancer cell types, different cell 

lines were 3D printed in the RGD-alginate matrix, obtaining a high viability for all of 

them. This suggests that the method here described could be applied to most cancer 

types by selecting the appropriate cell line. 

 

 



 

128 

Chapter 4 

Development of a new alginate 3D 

printer and assessment of GBM stemness 

in the printed constructs 
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4.1 Introduction 

Once the general method of 3D printing has been proven and optimised, the next step is 

to improve the characteristics of the printing process that can generate problems. In this 

case, the main problem with the Fab@Home printer was the lack of reproducibility. To 

solve this, a new printer with a more reliable mechanism must be generated. This 

improved system that uses the modified alginate and can be applied to high-density 3D 

printing of many cancer types, also has to be able to print cancer stem cells. Regarding 

the cancer stem cells, attention must be given to the possibility that they can lose the 

pluripotency due to the 3D printing process. 

4.2 Optimisation of alginate 3D printing 

There are a number of limitations to the use of a modified Fab@Home 3D printer. The 

fact that it is an in-house printer means that any results achieved with it, cannot be 

reproduced in other laboratories and further validated. In addition, the system has an 

intrinsic lack of reproducibility due to the sometimes-uneven dispensation of the 

material. The syringe pump is based on mechanical extrusion of the bioink via a steel 

rod being rotated by a motor; however, the consistency of the material makes this 

process difficult and results in the material being either not entirely extruded, or done so 

in excess. To test the reproducibility of the modified Fab@Home printer, a known 

number of U87MG cells were either deposited using a pipette on 24-well plates or 3D 

printed using a 3.5 % RGDS-alginate solution (Figure 4.1 A). A cytotoxic control was 

included by adding 100 µM of etoposide, and cell number assessed using resazurin and 

a plate reader. This, showed that the average relative number of cells compared to 

pipetting was 86.13 ± 7.85 % and therefore, a significant difference. 

To address the limitations of the 3D printing procedure, a new 3D printer was 

developed in collaboration with Renishaw plc. Working with Marcus Ardron and 

Mihails Bogomolnijs, a new machine was developed with the purpose of using alginate 

to 3D print cell-laden structures. The bioprinter uses an 8-valve syringe pump which 

can deposit up to 6 different independent bioinks (Figure 4.2). The syringe pump needs 

to keep two valves free to both fill the pump with priming solution, and have a waste 

outlet to empty the syringe. To deposit the material adequately, a 200 μm diameter steel 

conical nozzle was used. The fact that the outside of the nozzle is hydrophobic and the 
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conical shape, allow an appropriate deposition while minimising the shear stress on the 

cells when being ejected. This is particularly useful when the printing protocol is not 

based on constant deposition. 

The new 3D printer developed with Renishaw is controlled by a computer with a 

Control Interface Software that can handle both the syringe pump, and the movement of 

the stage containing the 6 nozzles. Scripts are generated manually according to the 

needs of the particular experiment and it is then loaded on the software, modified if 

necessary and ran either in its entirety or line by line (Figure 4.3). 
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Figure 4.1. Reproducibility of the 3D printers 

The same number of U87MG cells were seeded on tissue culture plastic and 3D 

printed using (A) the Fab@Home printer, showing that there is a lack of 

reproducibility, with a decreased number of cells after printing and a high 

variability. (B) Renishaw’s 3D printer shows that there is a higher reproducibility, 

with the same number of cells after printing when compared to the Fab@Home 

printer. Number of cells was assessed using resazurin. Data represented as mean 

(SD) and compared using ANOVA. ** p = 0.01, *** p = 0.001, n.s. = not 

significant. Experiments performed 3 times. 
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Figure 4.2. 3D printer developed with Renishaw 

Equipment used for the 3D printing experiments showing the printer with 6 

nozzles on the centre, the computer to control the process on the left, and the 8-

valve syringe pump controlling the deposition system on the right. 
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Figure 4.3. Software interface to control the printer 

The interface allows to enter parameters to control positioning of the stage and 

the syringe pump. (1) Executes a single line of code. (2) Runs the complete code 

inserted. (3) Allows aborting the run in order to have an emergency stop. (4) and 

(5) loads and saves the scripts. (6) Enables the control of the print head 

containing the nozzles. (7) Brings the stage to the home position to start the 

printing process. (8) and (9) controls the velocity and acceleration of the 

movement of the print head respectively. 
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Preliminary data by Renishaw, showed that droplets of down to 20.83 nl can be 

deposited (Appendix 7 shows the commands used to achieved this resolution) and a 

resolution of between 100 and 200 µm obtained. To avoid the surface tension making 

the deposition more difficult, the best experimental approach was proved to be ejecting 

a small volume of material and then recovering most of the volume back. This ejected 

volume helps breaking any possible blockage that can be built inside the nozzle. 

However, when printing is programmed as a continuous deposition of the material 

instead of individual points, the resolution is lower. For instance, the printing of a small 

one layer ring of 1 cm of diameter proved to be more problematic than the point array 

experiments. The extrusion through the nozzle has to be very tightly synchronized with 

the movement of the stage to give an adequate printability. When the nozzle moves too 

slow, there is an excess of extruded material giving a poor resolution; on the other hand, 

when the movement occurs too fast, there is not enough time to deposit the material and 

there are gaps in the structure; also, the time that the nozzle spends at the beginning and 

the end of the process must be taken into account. When the nozzle spends time 

motionless before starting making the ring, and once the ring is finished, there is a spot 

in which a high amount of material is deposited, compromising the printing resolution. 

Considering these characteristics, the script was designed (Appendix 8) to print using a 

“wait-on-ready” parameter until the movement has been finished before starting the 

extrusion and then the slowest constant extrusion was selected and started 

simultaneously with the fast movement as a 1 cm circumference and finally, the stage is 

moved at high speed out of the printed ring so that there is no more extra undesired 

deposition. This script allowed the correct deposition of a small ring using 2 % uncross-

linked alginate (Figure 4.4).  
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Figure 4.4. 3D printed ring using 3D printer developed with Renishaw 

A 1cm-=diameter ring was 3D printed using 2 % alginate without previous 

cross-linking. The white arrow shows the point of start and finishing of the ring, 

in which it can be seen a slight over-dispensation of the material. Image 

representative of several 3D printing experiments 
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The printing process described for the ring was performed using an uncross-linked 

alginate solution. This method can be useful if a process is developed alternating the 

deposition of either layers or points of alginate followed by cross-linker. However, there 

are a number of limitations to this printing process, mainly the problems derived with 

the undesired cross-linking of alginate inside of the nozzle when a new layer of alginate 

is deposited in a place where rests of cross-linker are present. This causes the failure of 

the 3D printing experiment and seriously limits the reproducibility and scalability of the 

technique. To assess this problem, a similar approach than the one described for the 

Fab@Home printer was used. Ultrapure G-rich RGDS-alginate was partially cross-

linked using calcium chloride to have a self-supporting material that allows the 

deposition of several layers without collapsing and that does not require multiple steps 

that can also derivate in printing problems due to clogging. The process is however, 

more difficult than the one described for the previous printer. In the Fab@Home printer, 

the material was deposited directly into the syringe and mixed, and then the material 

was extruded through mechanical force applied by a piston. Here, the material must be 

picked up by the machine using a nozzle and stored in plastic tubing. Also, the pressure 

applied to extrude the material instead of originating from a piston, it comes from the 

air pressure exerted by the syringe pump. Both of these characteristics mean that the 

material needs to be more fluid for a successful printing when compared to the 

Fab@Home setting.  

To study the correct degree of partial cross-linking, alginate was deposited in 3 cm petri 

dishes and different concentrations and volumes of calcium chloride were added and 

mixed with a pipette tip (Figure 4.5 A). The experimental optimization showed that 

there are three possible combination that give a gel that is soft enough to be picked up 

by the printer and that can be printed while supporting several layers: 4 % alginate with 

200 µl of CaCl2 40 mM, 3.5 % alginate with 300 µl of CaCl2 35 mM and 3 % alginate 

with 400 µl of CaCl2 30 mM. The rest of the combinations gave a suboptimal degree of 

cross-linking. In Figure 4.5 B, an example of the three situations is showed, 3 % 

alginate with 300 µl of cross-linker showed a solution that is mostly uncross-linked with 

some parts that were able to form a small piece of gel; 3.5 % alginate offered a very 

delicate gel that is optimal for the 3D printing process, the gel is fluid enough to be 

taken by the printer and extruded through the plastic tubing and the nozzle using 
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pneumatic force; 4 % alginate forms a well-formed gel that is too solid to be used in this 

set-up. Experimental experience during the next experiments showed that 3.5 % alginate 

cross-linked with 300 µl of 35 mM CaCl2 with slow mixing gives the most reliable 

system for the use with Renishaw’s 3D printer.  
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Figure 4.5. New printer optimization  

(A) Increasing concentrations of alginate were mixed with different volumes of 

calcium chloride in a ratio 1:10 (alginate (%) : CaCl
2
 (mM)). Blue represents a 

cross-linking below the useful point, green optimal characteristics and red an 

excessive cross-linking. (B) Alginate 3 % (left), 3.5 % (middle) and 4 % (right) 

cross-linked with 300 µl of CaCl
2
 at the same ratio as (A) The results were 

confirmed using two different alginate stocks. 
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To prove the potential of the protocol for printing more complex structures, a 2-layered 

structure was designed (Appendix 10) to include first a ring with a diameter of 1 cm, 

then a disc of 5 mm diameter inside of the ring and finally followed by another layer in 

the form of a 1 cm disc as a “lid” covering the structure. Red and blue dyes were used to 

visualize the layers (Figure 4.6 A – E). It can be observed that there were some 

imperfections in the structure, most noticeable after completely cross-linking the 

structure in 50 mM of CaCl2 (Figure 4.6 D and E). 

To further increase the complexity of the construct, a smaller 3-layered structure was 

3D printed. The design was very similar to the previous one, with the difference of 

including an extra ring. The outer ring had a diameter of 5 mm, the middle one 2.5 mm 

and the inner disc 1 mm (Appendix 9 and 11). However, the intrinsic properties of the 

material cause that while printing a structure of this size, the outer layer ends up being 

more spread than designed. This property is why the final size of the completed 

construct was closer to 6 mm rather than 5 mm (Figure 4.7). 

Since the main reason behind using a new 3D printer was the lack of reproducibility and 

the loss of cells during the process, U87MG cells were 3D printed using the Renishaw’s 

printer in the same way than previously described for the Fab@Home printer. The same 

number of U87MG cells were deposited both using a pipette on 24-well plates and 3D 

printed using a 3.5 % RGDS-alginate solution. A cytotoxic control was included by 

adding directly to the medium 100 µM of etoposide, and cell number assessed using 

resazurin 4 hours after printing. This, measured that the average relative number of cells 

compared to dispensing using a pipette was 97.83 ± 7.30 %, showing no significant 

difference between the two methods (Figure 4.1 B). 

Considering the data here presented, the new 3D printer showed that it offers a platform 

with the potential of 3D printing highly viable cells, with no apparent loss in the cell 

number, and that complex structures can be fabricated in a reproducible way. 
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Figure 4.6. 2-layered concentric structure 

A partially cross-linked alginate solution containing food dye was (A) deposited 

as a 1 cm diameter ring on a 3cm petri dish. Then (B) a different solution of 

partially cross-linked alginate containing a blue dye was added to fill the space 

left inside of the ring. (C) Both structures were covered with a 1 cm disc. (D) The 

structure was then completely cross-linked using 50 mM of calcium chloride. (E) 

Final structure after cross-linking. Results were consistent among several 

repetitions. 
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Figure 4.7. 3-layered concentric structure 

(A) A small 2 mm-diameter ring was printed using partially cross-linked alginate 

containing blue food dye. Then, a 1 mm-diameter disc was printed inside that 

ring using alginate with red dye. (B) Another ring of 5 mm diameter was then 

printed around. The construct was then cross-linked using calcium chloride 50 

mM and showing a diameter larger than the one designed due to the expansion of 

the outer ring after cross-linking. (C) Shows a zoomed image of the construct. 

Construct representative of more than 5 experiments. 
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4.3 3D printing of tumour microenvironment models 

So far in this work, U87MG have been used as a model for glioblastoma cells; however, 

there are many limitations to this use. U87MG cells were discovered and identified in 

the 1960’s (Pontén and Macintyre, 1968) and have been widely used since then in 

thousands of publications as a glioblastoma model. This cell line is highly 

cytogenetically aberrant, with some authors finding 2,384,470 single nucleotide 

variations, 191,743 small deletions and insertions, and 1,314 large structural variations 

in its genome when compared to published human genome sequences (Clark et al., 

2010). In addition, a recent report has found that the current U87MG cell line present in 

the American Type Culture Collection (ATCC) and widely used in research 

laboratories, is not the same that was originally described by Uppsala University in 

Sweden in 1968, although it seems to be of glioblastoma origin (Allen et al., 2016). This 

opens up a question as to whether an experimental setup using these cells can be 

relevant to the in vivo situation while they have been in culture for many years, 

accumulated an elevated number of mutations and likely changed their gene expression 

and the origin of the cells is unknown. That is why for the next experiments, instead of 

using an established high-passage cancer cell line such as U87MG, T98G or 1321N1; it 

was decided to use a somewhat more relevant type of cells for tumour development and 

drug response, patient-derived glioma stem cells (GSC). As already described in 1.3.2., 

these cells have been identified by different groups and some groups have established 

some GSC lines with a lifespan of around 40 – 50 passages before showing genetic 

anomalies (Pollard et al., 2009). Those cells have been used for drug screening studies, 

arguing that GSC offer a more in vivo relevant system compared to classic cell lines 

(Danovi et al., 2013). Here, three cell lines at relatively low-passage number were 

kindly provided by Dr Steve Pollard, MRC Centre for Regenerative Medicine, 

Edinburgh; G144, G166 and G7 at passage number 22 for G144 and G166 and 11 for 

G7. These three cell lines were originally derived from tissue of glioblastoma patients 

and characterized by Dr Steve Pollard (Pollard et al., 2009). 

So far, fibroblast cells used in this work were WI-38. These cells are not cancer-

associated fibroblasts, but rather foetal lung derived cells (Hayflick and Moorhead, 

1961). While these cells have been very useful for biological research, especially in 

vaccine production (Fletcher et al., 1998), the phenotypical characteristics of this cell 



 

144 

line are not adequate to recapitulate the behaviour and influence in cancer that CAFs 

have. Therefore, it was decided to use patient-derived glioma associated mesenchymal 

stromal cells for the 3D printing experiments for drug testing. Two different patient-

derived cells, named SIOLi ZMN and CORBe ZMN were kindly provided by Dr Anne 

Clavreul, University of Angers, France; and are, as described in 1.3.2., considered 

glioma associated stromal cells type-B (GASCs-B) and hence tumour-promoting cells. 

These GASC-B cells have been described by Anne Clavreul’s group as promoting 

tumour cell growth and endothelial cells, and show a distinct genomic profile than the 

non-tumour promoting GASC-A (Clavreul et al., 2014a, 2014b). 

Regarding the use of MM6 cells, similar concerns can be risen since it is a monoblastic 

leukaemia-derived cell line. This cells show a phenotype that is closer to a mature 

monocyte than other classical cell lines such as THP-1 (Ziegler-Heitbrock et al., 1988) 

and can be activated using phorbol 12-myristate 13-acetate (PMA), making the cells, 

that are suspension cells in normal situation, attach to the substrate and acquire a 

macrophage-like phenotype. This phenotype is nevertheless variable and complex and 

different compounds would be needed in order to achieve maturation of monocytes into 

different stages (Ziegler-Heitbrock et al., 1994). Nevertheless, leukaemia-derived 

mature monocyte-like activated cells can arguably not be a good tool to reproduce 

microglial cells, the resident macrophages in brain, described in 1.3.2. Therefore, 

human primary microglia was purchased from Celprogen and used to better reproduce 

the brain tumour microenvironment. 

4.3.1 Glioma stem cells 

The GSC lines used in this work are G144, G166 and G7; glioblastoma patient-derived 

cells which retain pluripotency markers, ability to generate tumours, and self-renewal. 

G144, while originally identified as a high-grade astrocytoma (i.e., glioblastoma), both 

the cells and the original patient showed an oligodendrocyte precursor-like phenotype. 

G166 was observed to have a more restricted astrocyte precursor than G144 (Pollard et 

al., 2009). G7 were described as to show a proneural/classical glioblastoma subtype 

gene expression profile (Stricker et al., 2013). These cells have the main advantage of 

having less accumulative mutations, being able to reproduce tumour behaviour and 

origin in a more relevant way, and having the potential to initiate and maintain tumours. 
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The main difficulty with these type of cell lines is that they are sometimes hard to 

maintain and can only grow as neurospheres, clusters of stem cells in suspension. 

However, protocols have been developed to achieve the attachment of these cells while 

still maintaining their properties (Danovi et al., 2013; Pollard et al., 2009). Here, a 

culture protocol modified from that first described by Pollard et al. was used. To keep 

the pluripotency of the cells, DMEM-F12 medium is supplemented with the reagents B-

27 and N-2, at 20 ng/ml each, and murine epidermal growth factor (EGF) and human 

fibroblast growth factor-2 (FGF-2), at 10 ng/ml. This is a classical serum-free medium 

mixture for human foetal neural stem cells (Sun et al., 2008). In addition, to achieve the 

attachment of cells to the tissue culture plastic, laminin was added directly into the 

medium at a final concentration of 1 µg/ml as opposed to coating the tissue culture 

plastic. The addition of laminin to the media makes cells attach to the tissue culture 

plastic and grow as adherent cells instead of neurospheres without any apparent 

detriment in cell function and phenotype ( Pollard et al., 2009) (Figure 4.8). 

All three cell lines grew well in the conditions described, with a doubling time of 

approximately 24 hours. Medium changes were needed every 2 – 3 days, after which 

cells started going into suspension. Also of great importance was cell disassociation 

using Accutase, which had to be done hard enough so that cells are suspended as single 

cells and not clusters; failure to do so resulted in cells remaining as neurospheres even 

days after plating again. These cells do not attach as strongly as most cells and thus, 

careful handle of the cells is necessary to avoid losing them while manipulating them. 

Regardless of the extra difficulties, these cell lines are relatively easy to maintain and 

expand quickly enough to do experiments. However, GSCs can be described as 

sensitive since both cell death and differentiation can be observed when cell medium is 

not changed every two days, when cells are dispersed strongly or if freezing and 

thawing is not performed with care. Due to these GSC, and stem cells in general being 

usually more sensitive than other cell lines, and particularly than established cancer cell 

lines; the first concern when planning a 3D printing experiment using them is the 

possibility of the process being too damaging for the cells either due to the cross-linker 

use or the shear stress caused by the printing process.  
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Figure 4.8. Glioma stem cells 

The GSC lines (A) G7, (B) G144 and (C) G166. Seeded on tissue culture plastic 

and imaged after 24h. 
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To determine the sensitivity to different cross-linker exposures, the GSC G144 was 

plated at 10,000 cells/well in 96-well plates and kept overnight to attach. G144 was 

chosen for being the most sensitive cell line out of the three of them. The cells were 

then exposed to increasing concentrations of both CaCl2 and BaCl2, for 10 and 

2 minutes respectively, and number of metabolically active cells was measured using 

resazurin. A calibration curve was included to assure the range of cell number measured 

fell into the linear-behaviour part (Figure 4.9 A). The relative number of cells compared 

with PBS treatment was determined to be non-significantly different for 50 mM 

treatment with CaCl2 with 99.2 ± 2.28 %; however, higher concentrations showed a 

significant decrease in cell number with 82.7 ± 1.07 %, 45.9 ± 0.99 % and 

23.6 ± 0.34 % for a 10 minutes treatment with 100, 200 and 1,000 mM of CaCl2 (Figure 

4.9 B). On the other hand, 2 minutes exposure to BaCl2 showed similar results to the 

already shown for U87MG, with non-significant difference at low doses, 99.3 ± 1.34 % 

and 99.9 ± 0.62 % for 20 and 50 mM, and a slight increase at higher concentrations with 

106 ± 1.32 % and 108 ± 1.01 % for the treatment with 100 and 200 mM (Figure 4.9 C).  

The shear stress experienced by the cells when being extruded through the nozzles was 

low enough for cell lines such as U87MG or T98G to remain highly viable, but the 

enhanced sensitivity of GSC was thought to be potentially problematic when cells are 

forced to pass through the nozzle at high cell density. To assess this, 4x106 GSC were 

3D printed in RGD-alginate following the same protocol as previously described, with 

an RGD-alginate concentration of 3.5 %. Cells were crosslinked with a 2 minutes 

exposure of 50 mM of BaCl2 due to these cells having less resistance to CaCl2 

compared to the previously used ones. Results were similar using 50 mM of CaCl2 

which proved enough to correctly cross-link the constructs after printing. 3D printed 

constructs were treated with fluorescein diacetate and propidium iodide as previously 

described, and imaged using confocal microscopy by taking 50 – 100 µm z-stacks and 

quantifying intake of dyes using Imaris (Figure 4.10 A - C). The quantification resulted 

in a viability over 90 % for all three cell lines with a 90.9 ± 2.9 % for G144, the lowest 

viability which is expected since, as already said before, G144 seems to be the most 

delicate cell line among them; 93.5 ± 3.6 % for G166 and 93.5 ± 3.4 % for G7 

(Figure 4.10 D). These results can be considered as good viability and are comparable to 

the viabilities seen before for other cancer cells, showing that 3D printing can be 
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possible for GSC. The GSC lines showed a characteristic morphology that seemed to be 

accentuated at the edge of the constructs, where it was observed more often and usually 

aligned perpendicularly to the edge. This morphology was observed in all experiments 

3D printing these cells, while it did not appear while using other cell types. We 

hypothesised that the physical constrain of the gel can lead to a restrain in the shape to 

which these cells are more sensitive than others. Therefore, further study of the 

mechanical properties of the gels is needed to avoid possible biological effects. 

 

 

 

 

 

 

 

 

 

 

 

 



 

149 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R
2
= 0.9983 

y = 36089x + 2536 

A 

B 



 

150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Glioma stem cells number after cross-linker exposure 

(A) Example of calibration curve included in every plate for viability 

quantification using resazurin. (B and C) Relative cell number of G144 cells in 

adherent 2D culture exposed to increasing concentrations of (B) calcium chloride 

for 10 minutes and (C) barium chloride for 2 minutes. Assessed using resazurin 

and a plate reader. Data represented as mean (SD) and analysed using ANOVA. 

** p = 0.01, *** p = 0.001, n.s. = non-significant. These experiments were 

performed 4 times. 
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Figure 4.10. 3D printed glioma stem cells using Renishaw’s printer 

Z-stacks of 3D printed GSC lines 24 hours after printing in RGDS-alginate (A) 

G7 (B) G166 (C) G144. Imaged using a confocal microscope and labelling cells 

with FDA and PI for live and dead cells. Scale bar 100µm (D) Quantification of 

FDA expressing cells relative to total number of cells done using Imaris. Data 

represented as mean (SD). *** p = 0.001. Images and data representative of 3 

independent experiments. 
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While viability might be the first aspect to consider, another very important feature that 

a successful 3D printing strategy has to fulfil, is the maintenance of pluripotency after 

printing. It could be possible that after going through either the printing process itself, 

the exposure to cross-linkers, or by being grown in 3D, the GSC lines differentiate into 

other cell types which would not be useful for drug testing and tumour biology studies. 

It has been shown that when these GSC lines experience EGF and FGF-2 withdrawal, 

they start losing pluripotency markers expression such as nestin, while they start 

expressing others like the glial lineage marker glial fibrillary acidic protein (GFAP) or 

the oligodendrocytic lineage marker O4 (Pollard et al., 2009). We tested this effect by 

removing both EFG and FGF-2 from the cell culture for 7 days, cells were then fixed in 

4 % paraformaldehyde (PFA) and immunostained with primary antibodies for both 

nestin and GFAP and secondary Alexa 488, and compared to the control culture which 

was kept with the growth factors. Nuclei were counterstained using DRAQ5. Like 

expected, cells showed a strong expression of nestin and almost complete absence of 

GFAP when they were kept in the growth factor supplemented medium and the opposite 

result with growth factors withdrawal, having a minimum expression of nestin and a 

strong signal for GFAP in both G166 (Figure 4.11 A – D) and G7 (Figure 4.11 E – H). 

To test if the pluripotency can also be retained in a similar fashion at the doses used for 

2D cell culture, G7 cells were 3D printed in RGD alginate at 3.5 % concentration with 

4x106 cells/ml and crosslinked with 50 mM of BaCl2. Construct were kept for 7 days 

both in presence of 10 ng/ml EGF and FGF-2 and without. Constructs were then fixed 

in 4 % PFA and immunostained for nestin and GFAP as described for 2D cultures but 

extending time and number of washing steps. This was necessary due to the difficulty of 

removing antibodies from within the gel, which generates a high background noise 

signal. Surprisingly, immunofluorescence showed that cells express nestin and almost 

no GFAP in both conditions (figure 4.12). This means that the 3D printed constructs not 

only do not start differentiating, they remain pluripotent even in the absence of growth 

factors. This effect is likely due to the increase in hypoxia experienced by high-density 

3D structures. The effect in the stemness increase due to hypoxia has been observed in 

different systems, including GBM (Colwell et al.; Xie et al., 2016; Yun and Lin, 2014; 
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Zhang et al., 2016a). The difficulty with the immunofluorescence protocol meant that 

the images only showed expression in the parts of the constructs closer to the edge. 

Figure 4.12 shows lines were the constructs end. This is likely to be a problem with the 

penetration of either the primary or secondary antibody, allowing the staining of nuclei 

by the small molecule DRAQ5 to work, but not the antibody staining of the inside of the 

constructs. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C 
D 

GFAP DRAQ5 

A B 

GFAP DRAQ5 

Nestin 
DRAQ5 

+GF +GF 

-GF -GF 

Nestin 
DRAQ5 

-GF 

+GF 



 

155 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

+GF 

G 

E F 

H 

Nestin 
DRAQ5 

GFAP DRAQ5 

GFAP DRAQ5 -GF -GF 

+GF +GF 

Nestin 
DRAQ5 

Figure 4.11. Differentiation upon growth factor removal in 2D culture 

GSCs were seeded on tissue culture plastic. G166 cells were cultured in the 

presence of EGF and FGF (A and C) and in the absence of both GFs (B and D) 

for 7 days. Similarly, G7 cells were cultured with (E and F) and without (G and 

H) growth factors. Immunofluorescence using a secondary Alexa fluor 488 

antibody shows the expression of nestin being maintained and GFAP at low 

levels only when the GFs are in the medium. Nuclei stained using DRAQ5. Scale 

bar 50 µm. Data consistent in 2 repetitions. 
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Figure 4.12. Differentiation upon growth factor removal in 3D printed constructs 

G7 cells were 3D printed in RGDS alginate 3.5 % and cultured for one week in the 

presence of EGF and FGF (A and C) and in the absence of both GFs (B and D). 

Immunofluorescence using a secondary Alexa fluor 488 antibody shows the 

expression of nestin being maintained and GFAP at low levels regardless of the 

presence of GFs. Nuclei stained using DRAQ5. Scale bar 100 µm. White dot line 

shows the border of the printed construct. Results are representative of 3 

independent experiments.  
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4.4 Conclusions 

The use of an optimised 3D printer helped improve the reproducibility of the process, 

which was an issue when the Fab@Home printer was used. The new printer allowed the 

generation of more complex strucutres with better resolution, which could help in the 

future generation of personalised complex 3D cultures. 

As the next step in the fabrication of the tumour models, we succesfully 3D printed 

glioma stem cells using the modified RGD-alginate matrix. The GSC showed a good 

viability after printing; however, the morphology of the cells was unusual, with the cells 

looking rounded and with two protrusions that seemed to be arranged parallel to each 

other. We hypothesised that this morphology could be due to the physical properties of 

the matrix and therefore, future investigation on these properties is necessary to rule out 

possible problems in these structures. 

One of the main concerns at the beginning of the experiments was that these GSC could 

lose their stemness and differentiate into glial cells or oligodendrocytes. However, the 

3D printed GSC remained expressing pluripotency markers even after the withdrawal of 

the growth factors necessary to maintain pluripotency in 2D cultures. This effect could 

be due to the increased hypoxic environment found within the 3D structures and 

therefore, more experiments studying the effect of hypoxia in these cells are necessary 

to correctly describe the behaviour in the 3D printed structures. 
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Chapter 5 

Functional validation of 3D printed 

glioma constructs 
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5.1 Introduction 

The ultimate goal of this work is to generate a 3D printing system that can be used for 

drug screening. Therefore, the structures fabricated via this method have to be easy to 

test for drug cytotoxicity. This would allow the comparison of the improved models that 

should ideally contain cancer stem cells and stromal cells in the 3D matrix, with the 

traditional cell culture systems, allowing a better understanding of the tumour 

microenvironment in drug sensitivity. To create a model that can recapitulate as many 

characteristics as possible, GSC in combination with immune cells or patient derived 

GASCs can be 3D printed in combination and drugs tested on them. 

In addition to the cytotoxicity data, technology such as kinase biosensors can offer 

information about the signalling pathways within the tumour without disregarding the 

tumour cell heterogeneity. To test this, kinase translocation reporters can offer useful 

information at the temporal and spatial level for single cells. 

5.2 Drug sensitivity in 3D printed structures 

Current commercial drug development is a very complex and costly process. The 

average time and cost from the first target studies to the commercialization of a product 

is variable and depends on several factors; however, it is estimated to be between 12 and 

15 years with a total average cost of around £1 billion (Hughes et al., 2011; Morgan et 

al., 2011). The drug development process is not only expensive but also highly 

inefficient. The vast majority of drugs fail at one point during the development process, 

with oncological drugs having the worst performance among them. It has been 

estimated that the percentage of anticancer drugs that successfully complete the 

development process and are eventually commercialized is only a 6.7 % from all that 

enter phase I clinical trials (Hay et al., 2014).  The two main reasons for this failure are 

inadequate safety and lack of efficacy, which are widely understood as both being a 

consequence of the difference between human biology and preclinical models such as 

cell culture and animal studies. The complexity and heterogeneity of human pathology, 

and especially cancer, means that there are many variables that are not considered 

during pre-clinical development and that play and essential role during clinical trials 

(Harrison, 2016). As already discussed in the introduction of this work, a 3D system 

that can be generated in a reproducible and automated manner, incorporating different 
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cell types and extracellular matrices, could partially overcome some of the differences 

observed between pre-clinical development and drug use in humans. To test our 

prototype 3D printed glioblastoma constructs in this setting, two drugs were selected, 

cisplatin and temozolomide. 

Temozolomide (Figure 5.1 A) is an oral chemotherapy molecule approved and used to 

treat brain tumours, particularly high-grade gliomas. It is prodrug whose mechanism of 

action is based on being transported through the blood-brain barrier, and after 

hydrolysis getting converted into the molecule 5-(3-dimethyl-1-triazenyl) imidazole-4-

carboxamide (MTIC) which is quickly converted into a highly reactive methyl 

diazonium cation, responsible for incorporating a methyl group in the O-6 and O-7 

positions of the nucleobase guanine, eventually causing DNA damage (Jagadeesh Babu 

et al., 2013; Zhang et al., 2012). This damage can be repaired by tumour cells by O-6 

alkylguanine DNA alkyltransferase (AGT), the protein encoded in the MGMT gene, 

whose promoter methylation profile is an indicator of therapy response, as reviewed in 

1.3.1 (Jacinto and Esteller, 2007). As previously discussed in 1.3.1., the current first line 

therapy for GBM is based on surgical removal of the tumour combined with 

radiotherapy and temozolomide as the chemotherapeutical agent (Cloughesy et al., 

2014; Davis, 2016). 

Cisplatin (Figure 5.1 B) is a commonly used chemotherapy agent used in a variety of 

cancer types such as testicular, ovarian and cervical cancer to name a few (Macciò and 

Madeddu, 2013). Cisplatin exerts its effect due to intracellular modification of the drug, 

which due to the lower chloride concentration inside of the cell causes the displacement 

of the chloride ligands in favour of water molecules. The newly formed aquo-complex 

can then interact with DNA, normally guanine residues, causing the cross-linking of 

DNA and eventually apoptosis (Dasari and Tchounwou, 2014). 

Cisplatin can also cross the blood-brain barrier in concentrations comparable to the ones 

achieved in the tumour site of other solid tumours (Andres et al., 2014). In addition, 

engineered delivery systems have been generated such as cisplatin-loaded nanogels to 

decrease off-target effects and increase efficacy (Baklaushev et al., 2015). However, 

despite multiple efforts and numerous clinical trials, cisplatin has not shown a clear 
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clinical benefit in glioblastoma patients either alone nor in combination therapy in the 

last 24 years (Feun et al., 1983; Wang et al., 2017). Arguably, this can be due to the 

incorrect stratification of the patients participating in the clinical trials and the poor 

delivery in the active site. Combination therapy using cisplatin and temozolomide could 

be thought to provide benefit due to cisplatin reducing the levels of AGT, with early 

results being promising (Zustovich and Lombardi, 2011) but to this date the first line 

treatment is temozolomide or carmustine implants depending on different factors (NHS 

NICE guidelines, consulted 28/07/2017).  
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Figure 5.1. Drugs studied  

Structure of (A) temozolomide and (B) cisplatin. 
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To study the effect of the drugs, U87MG and G7 cells were both pipetted in 96-well 

plates and 3D printed using 3.5 % RGDS alginate as previously described as a 

concentration of 8,000 cells per well/construct. Cells were then allowed to attach to the 

matrix and each other within the construct and acquire normal morphology overnight. 

Stock solutions of 3 mM cisplatin in normal saline solution (NSS) and 100 mM 

temozolomide in DMSO were prepared and cells were exposed to logarithmic increases 

in concentration of the stock diluted in their respective culture media. A calibration 

curve was included to assure that cell number was in a linear range. U87MG and G7 

were exposed to the drugs for 72 hours and then viability was assessed using resazurin 

(Figure 5.2 A – B). This showed that for cisplatin (Figure 5.2 A), U87MG and G7 have 

a very similar response when cultured in 2D, with an IC50 of 8.938±1.05 µM and 

10.01±1.09 µM respectively. In contrast, the 3D printed constructs showed increased 

IC50 values of 69.81±1.13 µM for U87MG and 240.9±1.09 µM for G7, therefore 

indicating an increased resistance to cisplatin when 3D printed, compared to the effect 

observed with adherent cells. This apparent resistance seems greater for G7 GSCs than 

for the U87MG cell line.  

On the other hand, the results obtained for temozolomide (Figure 5.2 B) showed a 

different effect for 2D culture, with IC50 values of 928.7±1.05 µM for U87MG cells and 

333.3±1.11 µM for G7. The effect of 3D printing compared to 2D indicates a very 

modest increase in resistance, which for U87MG reaches an IC50 value of 1994±1.04 

µM and for G7 748.8±1.14 µM. 

The results taken together, showed that the cytotoxic effect of cisplatin in U87MG and 

G7 decreases in 3D printed constructs, with a difference of a 7.81- and 24.1-fold 

increase in the concentration needed in order to reduce the cell number to 50 %. Thus, 

suggesting that cisplatin might be less effective in inducing apoptosis of GSC in a 3D 

environment. The results are different for temozolomide, showing a 3D printed versus 

2D increase of 2.15- and 2.25-fold increase in the concentration needed to reach the IC50 

and therefore a reduced impact of 3D printing in cytotoxicity. 
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Figure 5.2. Cytotoxicity curves of cisplatin and temozolomide 

U87MG and G7 cells were cultured in 2D or 3D printed in RGDS-Alginate 3.5 % 

and the were treated with increasing concentrations of either (A) cisplatin or (B) 

temozolomide, for 72 hours without media changes. Resazurin was used to assess 

number of metabolically active cells using a plate reader and viability represented 

as the relative difference in cell number compared to vehicle control. Data points 

represented as mean (SD). Calibration curves were included. The experiment was 

performed 3 times. 
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Next, temozolomide was studied for U87MG and G7 cells alone and in combination 

with monocyte/macrophage-like cells in a 3D environment. For this, U87MG-EGFP 

and G7-cerulean cells were co-printed in RGDS-alginate with either MM6 as monocyte-

like cells, or PMA-activated MM6 (aMM6) as macrophage-like cells. The ratio between 

the glioma and the stromal cells was 1:1. Cells were maintained overnight and then 

exposed to their respective temozolomide IC50 concentrations determined in the 

previous experiment for 72 hours. Apoptotic and dead cells were counterstained using 

DRAQ7, constructs were fixed and imaged. Z-stacks pictures were then analysed using 

Imaris and the number of live cells were quantified. Data represents glioma cell number, 

expressed as a percentage of the glioma cell number in a printed control lacking stromal 

cells and treated only with DMSO vehicle. This showed that U87MG cells have a small 

but significant decrease in their sensitivity to temozolomide when monocyte-like MM6 

cells are present, going from a 50.0±6.28 % to 73.8±5.28 % of live cells, while the co-

culture with aMM6 cells showed no significant difference with the U87MG-only 

control, with a result of 53.1±6.66 % (Figure 5.3 A). G7 cells however, showed the 

opposite effect, with an indecrease in sensitivity to temozolomide when MM6 are 

present, increasing from 56.0±3.53 % to 41.9±5.75 % in relative cell number. The 

presence of aMM6 on the other hand, also showed no difference compared to the 

DMSO control, maintaining the cell number at 57.1±6.78 % (Figure 5.3 B). 

It can be argued that PMA-activated monocyte-like cells derived from a tumour are not 

a suitable substitute for the especial macrophage pool present in the brain, the microglia. 

To address this problem and gain further representability of the data, another 

experiment was designed using human microglia. G7 cells were co-printed with human 

microglia cells transduced with mCherry in the same conditions as previously described 

for MM6. The presence of microglia did not show a significant increase in the cell 

number of G7 when cells were exposed to the vehicle, going from 100±20.1 % to 

116±28.4 %. Similarly, when the 3D printed constructs were treated with 

temozolomide, the relative number of cells was 49.1±8.1 % for G7 alone, and 

50.5±12.2 % when cells were co-printed with microglia (Figure 5.4). These results 

showed the same effect that was obtained using aMM6 and therefore, neither aMM6 

cells nor microglia were able to protect the glioma cells from TMZ treatment. 
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Figure 5.3. Temozolomide sensitivity in 3D printed cells in co-culture 

(A) U87MG-EGFP and (B) G7-EGFP, were 3D printing either alone or in co-

culture with MM6-mCherry and aMM6-mCherry. Constructs were then treated 

with DMSO or temozolomide for 72 hours at their respective IC
50

 concentrations 

determined previously. Viability was calculated using microscopy and Imaris 

software. Dead cells were stained with DRAQ7. This experiment was performed 

2 times with similar results. Data represented as the mean (SD) of number of cells 

relative to DMSO treated control. ANOVA analysis was performed. * p = 0.05, 

*** p = 0.001, n.s. = non-significant 
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Figure 5.4. Viability for G7 cells after 72h TMZ treatment in co-culture with 

human microglia. 

G7-EGFP cells were 3D printed using RGDS-alginate both alone and in co-

culture with human microglia, 12 hours later they were treated with TMZ or 

vehicle for 72 hours. Viability was assessed using microscopy and Imaris 

software, using DRAQ7 to image dead cells. Difference was analysed using t-test 

for both groups and data represented as the mean (SD) of the relative cell number 

to the vehicle-treated control. This experiment was performed one single time due 

to time constraints. 
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5.3 Kinase biosensors 

The transfer of a phosphate group, or phosphorylation, is the one of the most common 

protein modification in human physiology (Khoury et al., 2011). The events of 

removing and adding these phosphate groups are controlled by enzymes named 

phosphatases and kinases respectively. There are more than 500 kinases encoded in the 

human genome controlling the activity of most cellular processes in different manners 

(Gross et al., 2015; Manning et al., 2002). Kinases play an important role in cancer, due 

to being key drivers of multiple hallmarks of cancer, such as cell motility, survival, 

proliferation, metabolism, evasion of immune response and angiogenesis (Hanahan and 

Weinberg, 2011). This relevance in cancer has resulted in the intense study of kinase 

inhibitors and the commercialization of several. The first of these approved for use was 

imatinib, an Abelson proto-oncogene inhibitor designed for targeted therapy of BCR-

ABL positive leukaemias in 2001, and dozens of kinase inhibitor drugs have been 

approved subsequently (Wu et al., 2015). While these drugs sometimes have a low 

selectivity and show several off-target effects, and many of them have less-studied non-

kinase targets; protein kinases are undoubtedly of vital relevance in cancer and kinase 

inhibitors heavily studied to treat different types of cancer (Munoz, 2017). In this work, 

four heavily studied kinases were selected for study within our 3D models, each being 

an independent regulator of important cellular processes: ERK, p38, JNK and PKA. 

Extracellular signal-regulated kinases (ERK), also known as classical mitogen-activated 

kinases (MAPK), is represented by two human isoforms, ERK-1 and ERK-2, highly 

expressed in human cells (McCain, 2013). They are key regulators of cell proliferation, 

differentiation and survival, and the upregulation of the ERK pathway has been 

confirmed in many cancer types (Samatar and Poulikakos, 2014). The p38 family of 

MAPK is formed by four different isomers: p38α, p38β, p38γ and p38δ; each isoform 

showing a slight differential preference for substrate and tissue specificity (Cuadrado 

and Nebreda, 2010). These kinases are mainly responsible for stress-related response to 

stimuli such as UV radiation or oxidative stress, but also play an important role in 

immune response (Cheesman et al., 2016). c-Jun N-terminal kinases (JNK) are a group 

of MAPK with a similar actrivation profile to p38 and therefore, it mediates the stress 

response in addition to other responses such as DNA repair, autophagy and cell 

proliferation (Coffey, 2014). Lastly, protein kinase A (PKA) is a cyclic AMP-dependant 
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kinase. Once G protein-coupled receptors (GPCR) become activated upon binding of 

hormones such as epinephrine or glucagon, a conformational change results in the 

activation of the enzyme adenylyl cyclase (AC). This AC catalyses the conversion of 

ATP into cAMP, a signalling intermediate influencing many cellular processes, 

particularly metabolism (Taylor et al., 2013). A simple schematic pathway of these 

kinases is represented in Figure 5.5 A. 

In order to determine the kinase activity at a single cell level in a 3D printed construct 

that may contain other labelled cells, a system that can reveal cell-to-cell variability and 

can be tracked using a single fluorescent channel is desirable. The system of choice was 

the kinase translocation reporter (KTR) (Regot et al., 2014). This system is based on the 

generation of a construct containing a kinase docking site for the respective kinase of 

interest, followed by a nuclear localisation signal and a nuclear exportation signal in 

which a series of serine groups can be phosphorylated. This phosphorylation causes an 

inhibition of the NLS activity and increase in the NES activity and therefore, the 

respective kinase phosphorylation causes the fusion protein to be shuttled out from the 

nucleus. Finally, a fluorescent molecule, in this case the green fluorescent protein 

mClover is attached to visualise the protein (Figure 5.5 B). This mechanism means that 

the increase in the kinase activity shows a higher fluorescence intensity in the cytoplasm 

while an inactivation of the kinase causes the fluorescence to be limited to the nucleus 

(Figure 5.5 C). 

To test the suitability of this system, U87MG cells were transduced using a lentiviral 

vector incorporating an ERK kinase reporter. The cells were then selected using 

puromycin and tested under different conditions. Cells were seeded and cultured 

overnight in normal medium, showing that in the basal level there is cell heterogeneity, 

with some cells appearing to display highly active ERK and some display largely 

inactive kinase and the majority in an intermediate state (Figure 5.6 A). When cultured 

in serum-free medium, low kinase activity was reflected with fluorescence present in 

the nucleus (Figure 5.6 B). Finally, in 20 % FBS-enriched medium, cells showed a high 

kinase activity profile, with fluorescence mainly in the cytoplasm (Figure 5.6 C). The 

fluorescence signal of the nucleus and cytoplasm of 30 cells for each condition was 

measured using a non-biased software process, and data represented as the ratio 
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between the cytoplasmic and nuclear fluorescence intensity. The data was plotted in a 

logarithmic scale to better visualise the difference in activity (Figure 5.6 D). This 

quantification showed a ratio of 0.63±0.15 for the control culture, 1.05±0.12 for the 

20 % FBS culture and 0.12±0.18 for the serum starved condition. Thus, the system 

shows a significant increase and decrease of the ratio when cells are stimulated and 

inhibited respectively. This increase can be related with the real activity of the kinase, as 

previously described (Regot et al., 2014). 
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Figure 5.5. Kinase translocation technology  

(A) Schematic representation of the ERK, p38, JNK and PKA pathways. (B) 

Basis of KTR technology showing the kinase docking site, the regulatory serine 

residues that can be phosphorylated changing the localisation of the molecule, 

and the fluorescent molecule used to visualise it, mClover. (C) Representation of 

how KTR technology works at the cell level, expressing the construct mainly in 

the nucleus when the kinase is inactive and in the cytoplasm when it becomes 

activated.  
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Figure 5.6. U87MG expressing ERK-KTR-mClover 

ERK biosensor expression in U87MG cells in (A) basal condition, (B) cultured in 

serum-free medium for 4 hours and (C) cultured in 20 % FBS for 4 hours, 

showing the variability in basal condition and the inactivation and activation in 

serum starvation and 20 % FBS media respectively. (D) Quantification of the 

microscopy images. 30 cells were quantified for each condition using Imaris. 

Data represented as the logarithm of the ratio between cytoplasm and nuclear 

fluorescence intensity. Difference analysed using ANOVA. ** p = 0.01, *** p = 

0.001. Data representative of an experiment repeated multiple times. 
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The KTR system was then applied to investigate the influence of macrophages in the 

kinase activity of GBM cells, initially in adherent co-culture with glioma cells. For this, 

U87MG expressing a KTR construct for ERK, JNK, p38 and PKA were first deposited 

in well-plates either without additional cells or with MM6-mCherry cells or aMM6 cells 

in a ratio of 1:1. Cells were cultured overnight and imaged. For ERK, the quantification 

of the ratio between cytoplasmic and nuclear intensity showed that the basal state for 

control cells was 0.82±0.09, while the presence of MM6 cells gave a ratio of 1.01±0.18 

and 0.91±0.20 for aMM6. Therefore, in both cases a slightly higher apparent activity 

was observed, although the trends within these data were not significant (Figure 5.7 A). 

In the case of JNK, the basal ratio was 0.54±0.14, the monocyte-like MM6 cells 

increased this significantly to 0.97±0.19, while the macrophage-like aMM6 gave a ratio 

of 0.72±0.16 which was not significantly different from the control (Figure 5.7 B). The 

KTR construct for p38, gave a basal ratio of 0.44±0.07, with MM6 increasing to 

0.60±0.18 and aMM6 to 0.45±0.11, both non-significant (Figure 5.7 C). Finally, the 

data for PKA showed a KTR ratio of 0.83±0.12 for the basal conditions, 0.88±0.25 for 

MM6 co-culture and 1.10±0.35 with aMM6, with no significant differences within these 

data (Figure 5.7 D).  

The general trend for the KTR biosensors in 2D culture is an increase when MM6 are 

included in the culture, which is however only significant for JNK; and a similar level 

for aMM6. This trend was observed after the repetition of the experiment. An 

experiment was carried out including aMM6 in the normal 1:1 ratio and in a 1:3 ratio of 

U87MG:aMM6, to see if an increase in the number of cells would yield a higher 

activity of the kinase. U87MG expressing the KTR for ERK showed that the basal ratio 

of 0.75±0.19 increases to 0.80±0.13 with 1:1 ratio, and to 0.84±0.10 with the 1:3 ratio. 

Therefore, any difference when the concentration of aMM6 is increased three times is 

minimal. However, while the number of activated cells does not increase much, the 

number of inactive cells do decrease, although not in a representative manner. This can 

be seen in Figure 5.7 E, where the error bars on the boxes indicating maximum and 

minimum values show that the number of the lowest values does increase noticeably.  

To study the kinase activity of the 3D printed constructs when MM6 and aMM6 are co-

cultured with U87MG cells, cells were 3D printed in RGDS-alginate as previously 
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described and in the same concentration and ratio as the 2D experiment. The results 

showed that U87MG expressing the KTR for ERK, had a basal level of -0.33±0.13, with 

MM6 showing a level of -0.17±0.11 and aMM6 -0.14±0.06; therefore, aMM6 

significantly increased the kinase activity in U87MG while MM6 did not 

(Figure 5.8 A). The data for JNK showed a similar effect, with a -0.46±0.09 of basal 

level, -0.33±0.11 for MM6 and a significant increase to -0.18±0.12 when aMM6 were 

present (Figure 5.8 B). Likewise, p38 gave a basal level of -0.43±0.10, with a non-

significant increase to -0.25±0.10 with MM6 and a significant one of -0.04±0.12 for 

aMM6 co-culture (Figure 5.8 C). Finally, PKA also showed no difference between basal 

ratio, -0.39±0.05, and co-culture with MM6, -0.33±0.09; while aMM6 gave a 

significantly higher ratio of -0.16±0.15 (Figure 5.8 D). Therefore, 3D printed constructs 

showed the opposite effect than 2D cultures, with clear increases of kinase activity 

when the macrophage-like aMM6 line was present. 
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Figure 5.7. 2D C/N ratio for KTR 

Ratio between cytoplasmic and nuclear fluorescence intensity, represented in 

logarithmic scale for U87MG cells cultured in 2D both alone, or in co-culture 

with MM6 and aMM6 for (A) ERK, (B) JNK, (C) p38 and (D) PKA. (E) Effect 

of a 1:1 (aMM6 low) and 1:3 (aMM6 high) ratio of U87MG:MM6 in the C/N 

ratio for ERK. Data represents the mean and the minimum and maximum values, 

with the box representing the data points between the 25th and 75th percentile. 

ANOVA was performed to analyse differences. * p = 0.05, n.s. = non-significant. 

These experiments were performed twice for (A – D). (E) was performed one 

time. 
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Figure 5.8. 3D printed C/N ratio for KTR 

Ratio between cytoplasmic and nuclear fluorescence intensity, represented in 

logarithmic scale for U87MG cells 3D printed in RGD alginate alone or in co-

culture with MM6 and aMM6 for (A) ERK, (B) JNK, (C) p38 and (D) PKA.  

Data represented as mean and showing the maximum and minimum values and 

the 25
th

 to 75
th

 percentile. Differences analysed using ANOVA. * p = 0.05,                   

** p = 0.01, *** p = 0.001, n.s. = non-significant. This experiment was 

performed one single time. 
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5.4 Conclusions 

The 3D printed system was used first to test the two drugs: cisplatin and temozolomide. 

Cisplatin showed a very similar profile for U87MG and G7 cells when cultured in 2D, 

after 3D printing however, cells showed a clear increase in resistance to the drug. This 

resistance increase was more acute in G7 than U87MG, suggesting that the lack of 

effect seen for cisplatin in vivo can be better modelled by using the right cell type, a 

GSC, and the right system, the 3D construct. On the other hand, the treatment with 

temozolomide showed that G7 cells were more sensitive to the drug than U87MG both 

in 2D and 3D, although the resistance was higher for the 3D system. This results also 

show a better recapitulation of the clinical situation, where temozolomide has shown to 

be the most effective drug available. 

Co-culture drug experiments showed that when U87MG cells were cultured with either 

MM6, there is a slight increase in cell resistance to temozolomide. This effect was not 

seen when the MM6 cells had been activated to macrophages beforehand. For G7 

however, this effect was reversed, showing an increase in sensitivity to temozolomide, 

suggesting that the presence of monocytes can have a beneficial effect for tumour 

therapy while macrophages seemed to not affect. It also shows that the effects seen 

using cell lines such as U87MG can be completely different than those of more relevant 

cell types such as GSC lines. In addition, the co-printing of G7 cells with human 

microglia showed no effect in the sensitivity to temozolomide. This suggests that the 

infiltration of microglia can have no effect in the drug response, but we expect the 

different phenotypes of microglia to show potentially different effects. Further 

experiments could show how these cells really influence drug response. 

To briefly study some biological pathway at a single cell level in the printed constructs, 

kinase translocation reporters were used to assess the activation of the kinases p38, 

ERK, JNK and PKA alone and in co-culture. When U87MG cells were co-cultured in a 

2D environment with either monocytes or macrophages, they showed no difference in 

the activation of p38, ERK and PKA, and a slight increase of JNK phosphorylation with 

monocytes but not macrophages. When the cells were 3D printed however, all four 

kinases were more activated when macrophages were present in the constructs. This 
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effect did not appear with monocytes, suggesting again that the phenotype of the 

infiltrating cells within a tumour can show completely different biological activity. 
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Chapter 6 

Discussion and future work 
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A deeper understanding of the tumour microenvironment has undoubtedly changed the 

paradigm of how scientists see tumour development and the response of tumours to 

external stimuli and challenges. Currently, the idea of bulk cancer cells being only a 

part, albeit a key part, of a tumour is consolidated. The essential relevance of other cells 

types such as stromal and stem cells, and the chemical and physical configuration of the 

surrounding extracellular matrix are considered as important variables in most cancers. 

The tumour microenvironment is a complex system in which cancer cells are 

accompanied by a variable concentration of other cells. The most abundant cell types 

present are usually fibroblasts and macrophages but other immune cells are also often 

present in large numbers. The theory of cancer stem cells, accounting for the initiation 

and perpetuation of cancer can explain partially cancer origin and drug resistance. 

However, it seems clear that there is contradictory data regarding the importance of 

CSC in the published literature. This variability is explained by the different design of 

the experiments and more importantly, the fact that some researchers still consider 

cancer as a uniform disease, instead of the more than 200 different diseases that are only 

related between them in the general characteristic that there is a perpetuated cell 

division. It should be expected that different cell types in different tumours, which are 

likely to have different origin and developmental processes, will behave differently. 

Therefore, the concept of CSC should be treated as a type of cells which in some 

tumours can play an essential role while in others might not. These cells will be 

completely different depending on the cancer type and will not have a common marker. 

This, however, should not be a reason not to study them, since successful selective 

targeting of pluripotent cells that in many cases seem to thrive in hypoxic conditions 

and are significantly more quiescent, could provide a therapeutic solution to current 

treatment difficulties. 

The glioma tumour microenvironment is a relatively particular one, due to some 

features derived from the exceptional intrinsic characteristics of the brain. The brain is a 

soft tissue that which despite being increasingly stiff in the tumour site, is still softer 

than most solid tumours. The cell composition has some particularities, e.g., the 

presence of microglia; and the ECM molecules are relatively unusual, with an important 

presence of glycosaminoglycans and other molecules that provide, in addition to 

mechanical support, biological interactions that are considered key in tumour 
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progression (Afratis et al., 2012). Glioblastoma, like many other cancer types, shows 

substantial tumour heterogeneity, a characteristic that is essential to understand the 

tumour biology. The three-dimensional nature of the tumour microenvironment is 

believed to have a clear effect in tumour development, gene expression or drug response 

among other aspects. Therefore, a correct tumour model to study glioblastomas should 

consider not only the presence of multiple cells but also do so in a 3D environment. 

This is why a 3D printing strategy which can incorporate different cell types in a 

previously designed three-dimensional manner and in an automated way, would be 

ideal. The 3D printing strategy selected was microextrusion, which was considered to 

offer the most advantages due mainly to the ability of printing a high cell concentration 

without prohibitively expensive printing hardware and procedures simple enough to be 

easily implemented in mainstream biology laboratories. The material used was alginate, 

which allows the matrix to supply the 3D environment with a biological impact as low 

as possible, and therefore permitting the independent control over the mechanical and 

biological aspects of the ECMin a customised manner. Alginate has some advantages 

such as being easily cross-linked using common mild solutions of cations and allowing 

a low-cost matrix. A key characteristic is that alginate is a non-adhesive material which 

cells do not attach to, which applies a requirement for further adhesive components to 

an ECM, but as mentioned, allows independent control over mechanical and biological 

interactions. Also, alginate can be difficult to handle due to the high viscosity which 

makes the accurate measurement of alginate volumes slow. The incorporation of other 

materials into alginate matrices, namely collagen, gelatin, hyaluronic acid and Cytodex, 

gave poor results; with cell attachment occurring only partially and for short periods of 

time. This indicates that the materials are either leaking out of the constructs or that 

being a solution inside the hydrogel does not provide the mechanical properties 

necessary for it. Thus, covalently modifying the material was the preferred option. 

The first step to test the suitability of this system for the generation of glioblastoma 

models by 3D printing was to label cells with fluorescent markers in a way that different 

types of cells could be visualised inside the constructs. Cells were transduce using 

lentiviral vectors to ensure the stable integration of the FP in the cell and oligoclonal 

populations selected to avoid generating clonal populations that could be less 

representative. Constructs designed to visualise the nucleus (NLS-EGFP) and the cell 



 

187 

membrane (myr-mCherry) showed unsatisfactory results. NLS-EGFP transduced cells 

divided consistently slower, and the presence of multiple nuclei limited the value of this 

marker to count cells. On the other hand, myr-mCherry in the tested U87-MG cells 

frequently showed additional internal staining not strictly limited to the membrane. 

Cells marked with cerulean, EYFP, EGFP and mCherry showed a normal growth and 

satisfactory labelling and were therefore used in the rest of the work. 

The first tests using the technology were performed using a Fab@Home printer. This 

printer has the advantage of being open-source and cheap, but the system can only print 

two bioinks simultaneously and the piston-based extrusion system does not offer a very 

reliable mechanism. This means that experiments were often unsuccessful due to non-

homogeneous deposition of the material. The reliability and usefulness increased 

dramatically after partial cross-linking was introduced, proving that slowly adding a 

calcium solution before printing can improve the viability and the printability of the 

construct. The same could not be applied to barium which cross-links the alginate 

solution too fast and permanently to be useful in partial cross-linking. The ideal 

concentration of alginate to use with this printer and pre-cross-linking method was 

judged to be 4 %. This provided optimal cell viability while still being self-supporting 

and by providing consistent results removed much of the requirement for optimisation 

of printing parameters in every different experiment. 

In this work, it was observed consistently that the presence of the cations used for cross-

linking did not affect the viability negatively in the concentrations needed for printing. 

However, the fact that very brief barium chloride exposure seemed to increase cell 

number when used at higher doses implies that there is a biological effect exerted by the 

cation and thus, when used, barium was kept to a low concentration. It is worth 

considering that the potential biological effects that a transient exposure to cross-linker 

solutions might have, have not been systematically studied. It is logical then that 

unprinted controls should be exposed to the cross-linker solution to account for that 

possible effect, however this may raise a problem due to alginate being a cation 

scavenger. Therefore, cells inside of the gel may be exposed to lower concentration of 

cations. This means that the actual cation concentration inside of the 3D printed 

constructs are probably significantly lower than a direct exposure to 2D cultures would 
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achieve. This makes it necessary to study the effect of the short cation exposure when 

biologically relevant information has to be obtained. Another important aspect to 

consider regarding the use of cross-linker solutions is osmolarity, which was kept at 

330mOsm/l during this work. Publications often report the use of cation solutions that 

are either hypotonic or hypertonic and the effect on cells should be considered since it is 

widely known that exposure to high or low osmolar solutions can cause cell death and 

biological effects that could be undesirable (Goldman et al., 2011). Here, we showed 

that when cells are printed using our protocol the viability is not significantly affected 

and the models can be fabricated in a reproducible manner. These structures showed 

high viability data even when cultures were maintained for long periods of time, when 

they started forming more complex structures. This effect is likely due to the cell 

growth which in turn means that the cells are using all the available space and form a 

culture close to a spheroid but with the shape of the original gel, interacting with each 

other. These structures could be more similar to a real tumour and it is worth 

considering them; however, the drug studies were not done in these cultures since the 

goal of this work was to obtain dense tumours in a fast manner and the generation of 

this structures were not consistent enough to be used for it. In addition to maintaining 

integrity for long periods of time, the system allows the printing of high cell-density 

structures meaning that the protocol can be used to generate dense constructs that 

should be more relevant for drug testing, without delays while cells proliferate. 

Despite the success of the method regarding viability and printability, a covalent matrix 

modification was necessary to control cell-matrix adhesion. Here, we modified alginate 

using an RGDS peptide, which dramatically changed the cell attachment data. Alginate 

was also modified to include a fluorescent molecule to allow the visualisation of the 

matrix. This helped us determine that cells were reproducibly homogeneously 

distributed within the matrix despite often showing areas without cells. The fluorescent 

matrix allowed the confirmation that these were regions without matrix or cells. 

Experience showed that a slow printing speed decreased the matrix-free areas. 

The initial experiments of this work were done using U87MG cells. While these cells 

have been a useful tool in glioblastoma research for a long time, there are a series of 

clear problems regarding their use as a relevant disease model. First, these cells are not 
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the originally deposited cells, although they are still considered glioblastoma cells, they 

are of unknown origin. In addition, U87MG have been in culture for decades and 

consequently the passage number of available stocks is very high. This means a large 

accumulation of genetic and epigenetic aberrancies, and substantial changes in cellular 

phenotype, limiting the experimental value of the cells. First, we showed that the 3D 

printing process can be used in several other cell lines and was not limited to U87MG. 

Other glioblastoma cell lines such as DBTRG-05MG, T98G and 1321N1 were 

successfully printed with high viability in the modified RGDS-alginate. The same 

results were achieved using triple negative breast cancer lines and oesophageal cancer 

cell lines, showing that it is not limited to glioblastoma. 

The 3D printing process was used to print up to three different cell types mixed within 

the same matrix. The number was limited to three, due to the difficulty of imaging more 

than three channels using confocal microscopy. Especially difficult was the 

visualisation of cyan fluorescent proteins due to the overlapping with the green channel, 

which made necessary the use of yellow proteins. When bioinks were used in different 

nozzles, the experimental difficulty increased exponentially for the Fab@Home printer 

and despite optimising the precross-linking method, the maximum printing resolution 

achieved was around 200 µm. Due to time constrains, experiments exploring the 

possibilities of high printing resolution were not possible. In the future, experiments that 

could use this feature are, to describe some: 3D printing of a core of tumour cells 

surrounded by endothelial cells to study tumour extravasation and 3D printing a GBM 

model including GSCs, GASCs and microglia in a stiffer collagen-laminin rich matrix 

surrounded by stromal cells in a HA rich matrix with lower stiffness to simulate healthy 

brain tissue in order to assess drug sensitivity, cell migration and tumour biology upon 

different stimuli. This however, was not the only drawback of the use of a Fab@Home 

printer for this application. When the absolute number of cells after printing was 

examined, it was seen that there was a significant loss of cell number. This could be due 

to cell lysis, to the homogeneity of the cell suspension or to the inconsistent deposition 

previously discussed. It was hypothesised that the later would be the most likely reason 

and therefore, a new printing system should be used to replace the current in order to 

perform further, more complex experiments. 
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For the last part of this work, a new 3D printer developed in collaboration with 

Renishaw was used. This new printer offered the possibility of printing with up to six 

different bioinks and a more consistent and reliable mechanism for the fabrication of the 

structures. Indeed, the new printer showed that it was able to keep cell numbers constant 

without significantly loss of cell, meaning that either the process was gentler, or more 

likely, that the deposition occurred in a more consistent way. The next step after 

proving that complex multi-layered structures could be printed, was to use cells that 

could offer a more representative model of glioblastoma than using the U87MG line 

with cancer-derived monocyte-like cells. For this, it was showed that glioma stem cells 

could be satisfactorily printed alone, or in combination with patient-derived 

glioblastoma-associated stromal cells and human microglia. This system represents low-

passage patient-derived model that is expected to more reliably relate to the in vivo 

situation found in patients. This GSC, while being more sensitive to the cross-linker 

solutions, could be successfully used, without significant decrease of viability or 

pluripotency after 3D printing and cross-linking of the constructs. The pluripotency was 

in fact protected in the 3D printed structures. However, the difficulty of performing 

immunostaining in these constructs meant that the imaging was only achieved on the 

outer parts of it, which could hide part of the results. Also, the lack of a specific 

differentiation agent caused the data to not have a positive differentiation control. 

Adding BMP-4 to the cell culture should cause the loss of nestin expression and the 

increase in GFAP. Including BMP-4 would help in future work. It has been reported 

that in hypoxic conditions, CSC can retain the pluripotency more than in control 

cultures. This effect could explain the results here shown. 

To briefly explore the suitability of the method described in this work for the use in 

drug studies, a comparison between U87MG and the GSC line G7 in both 2D and 3D 

printed was performed. The results here presented indicate that for the widely-used drug 

cisplatin, there is a broad increase in the needed dose when the cells have been 3D 

printed, especially for G7. These results could arguably correlate with the failure of 

cisplatin as a useful tool in glioblastoma treatment. This is despite multiple studies 

showing the effect of cisplatin in glioblastoma models. These studies mostly use the 

classical cell lines here described, i.e., U87MG, T98G, 1321N1 and DBTRG-05MG, in 

2D cultures (Jia et al., 2015; Li et al., 2012; Rocha et al., 2014; Zhang et al., 2011). The 
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results here presented indicate that the experimental differences between a widely-used 

cell line and a 3D culture of a patient-derived low-passage glioma stem cell are 

significant and the use of these later cells can offer a more predictive in vivo situation. 

Notwithstanding, further experiments should be performed to be able to confirm that 

hypothesis. When temozolomide, the current treatment of choice for glioblastoma 

chemotherapy, was tested however, the results were closer between the 2D and 3D 

printed cultures, although the 3D printed still showed higher drug resistance. 

Furthermore, G7 cells were more sensitive to the drug than U87MG. Thus, the results 

obtained are in accord with the in vitro success of cisplatin which does not translate to 

an in vivo result, and the fact the temozolomide performs better in patients. Other 

studies performed in 2D cultures have shown that GSC are not dramatically affected by 

temozolomide while cisplatin was as effective as with standard glioma cell lines.  This 

is also similar to the 2D results obtained here and again highlights the importance of 

considering the 3D environment (Gong et al., 2011). More drugs and experimental 

setups should be analysed in order to confirm this theory. 

U87MG and G7 cells were further analysed for the effect that stromal cells can have on 

the drug resistance against temozolomide. For this, MM6 and aMM6 were used to 

simulate monocytes and macrophages respectively and showed that for U87MG cells 

the monocyte-like cells decreased the sensitivity to temozolomide while macrophage-

like cells did not show this effect, indicating that the phonotype of the infiltrating cells 

within the tumour could have different effects on drug sensitivity and 3D printing could 

model this effect to better predict clinical response. The effect in G7 cells however was 

the opposite, showing an increase in the sensitivity to temozolomide while the 

macrophage-like cells did not affect. This result was further confirmed using human 

microglia instead of macrophage-like cells, and showed that the presence of these cells 

did not interfere with the sensitivity to temozolomide. This, shows that the choice of the 

cell type used for the drug testing experiments can be crucial for the usefulness of this 

technology. 

Kinases are key regulatory proteins and key mediators of the main hallmarks of cancer. 

Their dysregulation, either directly or indirectly, is important in driving very many 

cancers. Here, we applied a kinase translocation reporter system (KTR) which allowed 
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us to track individual cells for their kinase activation status (Regot et al., 2014). For this, 

U87MG were analysed for some of the most important kinases, ERK, JNK, p38 and 

PKA both on their own and in co-culture with MM6 and aMM6 in 2D and 3D printed 

cultures. The results showed that in 2D cultures, the presence of MM6 caused a 

significant increase for JNK, while aMM6 maintained a very similar activation profile. 

This could indicate that the presence of monocytes, but not macrophages can cause a 

mild activation of JNK. In the 3D printed cultures, on the other hand, the presence of 

MM6 did not significantly increase the kinase activity of all four kinases; and aMM6, 

contrary to the results seen for 2D cultures, caused a significant increase in the kinase 

activation in all of them. Therefore, this suggests that the presence of macrophages 

could have a 3D-specific positive effect on the regulations of theses kinases. It is 

interesting to notice that the absolute values for this activation are much lower in the 3D 

printed constructs that in 2D, suggesting that the general basal activity of the studied 

kinases is lower in the 3D printed cultures than in normal 2D cell cultures. Taken 

together, these results seem in line with other studies measuring the activity of these 

kinases in co-culture of macrophages and cancer cells (Olson et al., 2017; Tjiu et al., 

2009). It is also worth noticing that for U87MG cells in 3D printed co-culture with 

MM6, the increase in kinase activity is accompanied by an increase in drug sensitivity 

while aMM6 co-culture showed no increase in kinase activity and caused no change in 

drug sensitivity. These results could indicate that there is a correlation between the 

activation status of these kinases due to stromal cells in the tumour microenvironment, 

and drug resistance. Regretfully, due to time-lines, it was not possible to obtain further 

evidence of this by using GSC and microglia, and also to confirm the data using specific 

inhibitors for the kinases, other drugs and different ratios and types of stromal cells. 

Future work is needed in order to assess how representative the 3D printed cultures are 

of the in vivo situation. 

The results presented in this work offer a simple method that could solve many 

problems present in the tumour bioprinting field. At the moment, the field is greatly 

specialised and the methods used in most papers are only available for groups with 

expert bioengineers. This thesis shows a method that can be easily used by tumour 

biologists and easily personalised depending on the particular application needed. A 

common problem in some of the tumour bioprinting field is the need of complex 



 

193 

mixtures of biomaterials (Zhao et al., 2014), or using expensive materials that are 

difficult to use such as Matrigel (Xu et al., 2011). The work here described shows that 

this method could be a useful tool for the study of the tumour microenvironment due to 

the possibility of generating complex structures that can recapitulate different sections 

of tumours, the reproducibility of the process and the fact that cells remain viable and 

CSC seem to remain pluripotent. The results generated showed that the use of these 

systems for GBM research can provide another tool to optimise the preclinical studies 

and generate new medicines that, at this moment, are necessary for the clinical 

treatment of GBM. This work shows that the system represents the situation in patients 

treated with temozolomide and cisplatin in a closer way than a 2D system using 

established cell lines do. Efforts to try to generate these closer systems are being done 

by other groups in different approaches that can offer alternative advantages and could 

also be combined with this method (Gomez-Roman et al., 2016). Therefore, the work 

presented in this thesis opens the possibility of a useful new tool to study possible drug 

treatments in cancer. 
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Appendix 1. 
1
H-NMR of 5-AF alginate 
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Appendix 2. 
1
H-NMR of M-rich alginate (Sigma) 
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Appendix 3. 
1
H-NMR of Protanal alginate batch 1 
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Appendix 4. 
1
H-NMR of Protanal alginate batch 2 
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Appendix 5. 
1
H-NMR of RGDS-alginate 125 
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Appendix 6. 
1
H-NMR of RGDS-alginate 250 



 

224 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PUMP OPEN 

PUMP /1h30001R 

PUMP /1h20000R 

PUMP /1h20001R 

PUMP /1h21003R 

V15 

X0 Y0 Z-14.5 

PUMP /1N1h2400𝑥S18D80S37P79R 

PUMP /1TR 

Appendix 7. Printing parameters for single droplet 

Printing script for a deposition of 80 steps of the motor at high resolution, and 

immediately picking up 79 steps, thus letting 1 step left on the nozzle before 

making contact with the plate surface. x = number of the nozzle 
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Appendix 8. Printing parameters for a ring structure 

The script uses a constant extrusion at high speed while moving clockwise and 

it is quickly removed from the final position to avoid over-extrusion. 
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Appendix 9. Printing parameters for a 3-layered concentric ring 
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Appendix 10. CAD of a 2-layered concentric structure 
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Appendix 11. CAD of a 3-layered concentric structure 


