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Abstract 

 

The Pancreatic Ductal Adenocarcinoma is a malignant aggressive disease corresponding 
to a low survival rate of 5 years, only between 5 to 7%. This is mainly due to the high complexity 
and density of the malignant tumour microenvironment which difficult the efficiency of 
potential treatments and furthermore, to the disease’s progression and inhibition of apoptotic 
pathways.  

Over the last years, Tissue Engineering has been gaining an even more prominent role 
regarding the construction of tri-dimensional (3D) in vitro culture systems that enable a better 
comprehension of the physicochemical properties and a more realistic recapitulation of the 
structure of tumoural tissues.  

In this study, it is described for the first time, the use of a perfusion bioreactor for the 
culture of pancreatic cancer cells in 3D porous polyurethane scaffolds previously coated with 
one of the most abundant proteins in the extracellular matrix, the fibronectin. This dynamic 
culture system allowed a higher proliferation of the tumoural cells as well as a greater cell 
viability when compared to static culture systems. The addition of a chemotherapy agent also 
showed a higher resistance by the cells cultured in the bioreactor in addition to a lower 
percentage of cells in apoptosis.  

The results obtained suggest the great potentiality of perfusion bioreactors in high 
throughput studies regarding the in vitro culture of cancer cells for the vascularization mimicry 
of in vivo systems, including drug and treatment screening for patients detected with pancreatic 
cancer.  

Keywords: Pancreatic Ductal Adenocarcinoma; Tissue Engineering; 3D in vitro Culture; 
Perfusion Bioreactor; 3D Porous Polyurethane Scaffolds  
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Resumo 

 

O Adenocarcinoma Ductal Pancreático é uma doença maligna agressiva que 
corresponde a uma baixa taxa de sobrevivência de 5 anos, apenas entre 5 a 7%.  Isto deve-se 
principalmente à elevada complexidade e densidade do microambiente característico do tumor 
maligno que dificultam a penetração de potenciais tratamentos e posteriormente à progressão 
da doença e inibição de vias apoptóticas. 

Nos últimos anos, a Engenharia de Tecidos tem ganho um papel cada vez mais 
proeminente no que diz respeito à construção de sistemas de cultura tri-dimensional (3D) in 
vitro que permitem uma melhor compreensão das propriedades físico-químicas e biológicas e 
uma recapitulação mais realista da estrutura dos tecidos tumorais.  

Neste estudo, é retratado pela primeira vez, o uso de um bioreactor de perfusão para a 
cultura de células pancreáticas cancerígenas em matrizes de suporte porosas 3D de poliuretano 
previamente revestidas com uma das proteínas mais abundantes da matriz extracelular, a 
fibronectina. Este sistema de cultura dinâmica permitiu uma maior proliferação das células 
tumorais assim como uma maior viabilidade celular quando comparado com sistemas de cultura 
estática. A adição de um agente quimioterapêutico mostrou também uma maior resistência por 
parte das células cultivadas no bioreactor assim como uma menor percentagem de células em 
apoptose.  

Os resultados obtidos sugerem a grande potencialidade de bioreactores de perfusão em 
estudos de elevada produtividade no que diz respeito à cultura de células cancerígenas in vitro 
para mimetismo da vascularização de sistemas in vivo, incluindo a triagem de medicamentos e 
tratamentos para pacientes detectados com cancro do pâncreas. 

Palavras-chave: Adenocarcinoma Ductal Pancreático; Engenharia de Tecidos; Cultura 
3D in vitro; Bioreactor de Perfusão; Matrizes de Suporte Porosas 3D de Poliuretano 
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1 Framework 

1.1 Motivation  

Only in 2018, 17 million new cases of cancer appeared worldwide. Some predictions 
point that by the year 2040, 27.5 million new cases of cancer will emerge annually. From the 
number of cancer cases diagnosed last year, about 9.6 million people lost their lives (Cancer 
Research UK, 2019). This, leads to believe that cancer is one of the 21st century’s diseases (along 
with obesity), making it one of the modern medicine’s greatest challenges (Kaidar-Person et al., 
2011). 

Nowadays, there are known to exist more than 200 types of cancer, being the most 
common and deadliest, the lung cancer, the breast cancer, the pancreatic cancer, the prostate 
cancer, among others (Cancer Research UK, 2019; Saleh, 2018). Figure 1.1 shows the number of 
cancer deaths worldwide for the most aggressive types of cancer, in 2018, for both sexes of all 
ages.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Cancer Deaths Worldwide by type, in 2018, adapted from (Statista, 2018) 
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Since cancer has become a rapid growth disease in the world, researchers have 
advanced on many different fronts, to develop new ways of preventing, early detect and treat 
the disease in cancer patients. Studies, however, have not shown very promising results when 
developing new therapies to target and fight the disease. This is due to the high number of drug 
test failure in clinical trials for cancer research (Maeda et al., 2018). According to a review form 
the Nature Magazine in drug development, almost 90% of the failures across all therapeutic 
areas were attributable to the lack of efficacy (66%) or safety issues (21%). This key factor leads 
to the necessity of improving the predictability during the preclinical test’s development 
(Arrowsmith, 2011). To better understand the pathway which a new potential drug is subjected 
to, till its final approval by the Food and Drug Administration (FDA, US), it is represented a 
diagram in picture 1.2, with all its compulsory steps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In fact, the lack of predictability in the clinical trials, as already stated before, begins 
before they even start, more specifically in the laboratories, in the Preclinical stage. Here, 
experimental mice and rats’ models (in vivo models) are usually elected to test the drug 
screening, efficacy and toxicity of candidate drugs. This way, researchers tend to apply the 
results obtained here in patients at the different phases of the clinical trials and have repeatedly 
been failing. One of the reasons, is that when a drug is being administrated to a mouse or any 
other small animal, its readily accessibility throughout the tumoural tissue and the immediate 
drug action that is experienced, will unlikely be as quick or efficient when it gets administrated 
in humans. These in vivo models are genetically, behaviourally and biologically different from 
humans, and therefore, totally downplay the complexity of a human solid tumour with complex 
cellular, stromal and vascular architectural features (cellular clumps, hypoxia, low pH, etc) 
(Maeda et al., 2018). 

Apart from these drawbacks, issues related to financial and ethical reasons using animals 
as models for cancer research have also raised uncertainties regarding the continuous use of 
these traditional approaches for drug development. That’s why over the last two decades, the 
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Figure 1.2: The Drug Development Cascade in Clinical Trials, adapted from (Brito, 2018) 

Pictures from (iStock by Getty Images, 2019; One Person Closer, 2019; Press, 2019; 
Prime Cirúrgica, 2019; R&D, 2019) 
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knowledge on cancer biology has been driving researchers to bet in new targeted therapies such 
as the fields of immunotherapy, genetic engineering, nanotechnology, proteomics or tissue 
engineering (TE) (American Cancer Society, 2014). 

TE, as it will be later described in this chapter, is the field of interest in this dissertation, 
since it has been considered as one of the most promising approaches when mimicking the real 
features of a human tumour microenvironment. Especially for the types of cancers that are only 
diagnosed at stages III or IV in patients that when treated in clinics, often advance to metastatic 
stages and drug resistance (Maeda et al., 2018). Thus, recreating these cancers’ early stages 
could deeply contribute to understand how a tumour begins to spread and what therapies could 
be developed to fight it efficiently. One example of these late diagnosed cancers is the 
Pancreatic Ductal Adenocarcinoma (PDAC), which is the most common type of pancreatic 
cancer, being incident in 95% of all the pancreatic cancer patients (Pancreatic Cancer UK, 2018). 

1.2 Cancer    

It is not profitable to talk about cancer without first acknowledge its definition and 
characteristics. In this subchapter it will be first enunciated what cancer is based on, how it arises 
and what are the consequences related to its development leading later to the focus of PDAC. 
As a final part it is also enhanced the importance of studying its microenvironment in the medical 
research field. 

1.2.1 Definition 
 Cancer is a genetic disease. In other words, it is caused by changes (mutations) in genes 

that control the way cells function, more specifically, how they grow and divide. These types of 
changes may lead to an abnormal cell division in an uncontrolled way. In normal circumstances, 
human cells grow and divide to form new cells and in a cell life cycle, when they grow old or 
become damaged, they die, in a phenomenon called apoptosis1 being then replaced by new 
cells. However, when cancer develops, this ordinary process breaks down and instead of end of 
life cells die, they survive, leading to the division into new cells with an unstoppable 
development, ending after in the formation of cellular growths also called tumours (Cancer 
Research UK, 2019; National Cancer Institute, 2019). 

1.2.2 Differences between Cancer and Normal Cells  
There are several reasons associated with the fact that cancer cells grow out of control 

when comparing to normal cells in the body. One of the reasons is that cancer cells are less 
specialized than normal cells. So, instead of maturing into specific cell types with distinct 
functions, they divide themselves without stopping. Although there exist in a normal cell division 
cycle, several signals in each control phase which cells need to go through in order to avoid any 
errors in their division, cancer cells however, can ignore them and continue to divide even when 
they are not needed. In addition, cancer cells influence the activity of normal cells and molecules 
that surround them in order to survive and proliferate. More specifically, these types of cells can 
induce normal cells to form blood vessels that supply oxygen and nutrients that cancer cells use 
to feed themselves (angiogenesis). Another consequence that makes cancer cells so difficult to 
control is that they can easily evade the immune system without being destroyed, gaining 
consequently the capability of spreading through other parts of the organism in a process called 
Metastasis. In other words, cancer cells break away from where they were first formed (primary 
cancer), travel through the blood or lymph system, and form new tumours (metastatic tumours) 

 
1 Apoptosis is a form of cell death in which a programmed sequence of events leads to the 

elimination of cells without releasing harmful substances into the surrounding area (MedicineNet, 2018). 
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(National Cancer Institute, 2019). The figure beneath shows the evolution of a tumour in a 
normal cell tissue. 

 

Figure 1.3: Tumour Cells Growth in a Healthy Tissue (Blomquist, 2016) 

1.2.3 Pancreatic Ductal Adenocarcinoma 
The Pancreatic Cancer is divided into two main groups: the exocrine and endocrine 

tumours, being the first ones the most common type of pancreatic cancer. The PDAC is among 
the several known types of pancreatic exocrine tumours and it develops from cells (duct cells) 
lining small tubes in the pancreas, called ducts. These cellular couplings carry the digestive juices 
containing enzymes, produced from the acinar cells, to the main pancreatic duct and into the 
duodenum2, helping this way with the food digestion. On the other hand, the Pancreatic 
Neuroendocrine Tumour (PancNET), which is the most common type of pancreatic endocrine 
tumours, starts from neuroendocrine cells. These ones produce hormones that help control the 
normal levels of certain components in the body such as sugar levels, with the production of 
insulin (Pancreatic Cancer UK, 2018). 

As already said before, about 95% of the Pancreatic Cancers are PDACs. This tumoral progression 
is most often found in the head of the pancreas as it is illustrated in figure 1.4. 

From the Motivation Section it could be 
seen that Pancreatic Cancer, more 
specifically, PDAC, remains one of the 
leading causes in cancer-related deaths 
despite its low incidence. This is partly 
due to the poor prognosis and high 
resistance to current treatment options 
such as, chemotherapy, radiotherapy, 
among others, which makes of pivotal 
need the improvement of more 
personalized and effective strategies to 
fight the disease. Another aggravating 
topic regarding PDAC is the 5-year 
survival rate that remains just around 5 
to 7%. One of the critical reasons is that 
around 50% of the diagnosed patients 
have the disease already metastasized 
throughout the body, making it much 

 
2 The duodenum is the first part of the small intestine (Pancreatic Cancer UK, 2018). 

 
Figure 1.4: Pancreatic Ductal Adenocarcinoma 

(Mayo Clinic, 2016) 
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more difficult to treat and control. This is a major consequence of the lack of tumour’s visible 
and early symptoms and its dense, heterogeneous and complex microenvironment that 
contributes to the disease’s resistance and progression (Adamska et al., 2017). 

1.2.3.1 Pancreatic Tumour Microenvironment 

The Pancreatic Tumour Microenvironment has been one of the most important study 
objects in the Pancreatic Cancer field since it is due to its characteristics that the disease 
development and spreading gets so rapid and aggressive at the same time.  

Desmoplasia is one of the most prominent hallmarks of the PDAC. This reaction consists 
on a dramatic increase in the proliferation of myofibroblasts, also known as activated Pancreatic 
Stellate Cells (PSCs), accompanied by the increased deposition of many extracellular matrix 
(ECM) components such as Fibronectin (FN) and Collagen (GLG) I and III. The resulting dense and 
fibrous connective tissue leads therefore to the reduction of the tumour elasticity and an 
increase in the tumour Interstitial Fluid Pressure (IFP) (Whatcott et al., 2012). The Desmoplastic 
Reaction (DR) is so critical that it can reach about 80% of the tumoural mass, leading this way to 
a high tumour’s chemoresistance and inefficient drug delivery (Kuen, 2017). Figure 1.5 shows an 
illustration of how the desmoplastic pancreatic tumour microenvironment looks like. 

 

 

 

 

 

 

 

 

 

 

 

                         

Here, it can be seen how the cancer cells are surrounded by the desmoplastic stroma 
that tends to accumulate as the primary tumour grows. This is one of the reasons why it is so 
important to target desmoplasia and understand how its cellular constituents differ, interact 
and influence drug resistance in order to improve new efficient therapies and control the 
progression of the cancerous tissue (Kuen, 2017). 

1.2.3.1.1 Pancreatic Stellate Cells 
PSCs are activated in response to the pancreatic injury and inflammation and play an 

active role in the stroma’s fibrosis, being considered this way as one of the main sources of the 
malignant tumoural progression. PSCs interact closely with the cancer cells to generate a tumour 
facilitatory environment that stimulates not only the tumour’s growth but also its metastasis. 
Pancreatic fibrosis is initiated when PSCs become activated and undergo morphological and 
functional changes so that the rate of ECM deposition exceeds the rate of ECM degradation 

Figure 1.5: Components of the PDAC Microenvironment (Kuen, 2017) 
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(Rasheed et al., 2012). This type of cells can be divided into two biological phenotypes3. In 
physiological conditions, PSCs are rich in intracellular lipid droplets, positive for glial fibrillary 
acidic protein4 (GFAP) and desmin expression. These ones are known as Quiescent PSCs. On the 
other hand, when they are activated from their resting state to myofibroblast-like cells with a 
concurrent disappearance of lipid droplets, they become known as Activated PSCs. Activated 
PSCs specifically express the α-smooth muscle actin (α-SMA) and secrete CLG I and III, FN, and 
other ECM components to promote the formation of pancreatic fibrosis (Zhou et al., 2019). 

1.2.3.1.2 Extracellular Matrix 
The ECM is composed of two main classes of macromolecules, the fibrous proteins and 

the proteoglycans. The main fibrous proteins are CLGs, elastins, FN and laminins, being CLG the 
most abundant fibrous protein within the ECM. This scaffolding protein contributes to the 
tensile strength and development of the tissue, regulates cell adhesion and supports chemo 
transportation and migration. Still, the proteoglycans, fill most of the extracellular interstitial 
space within the tissue in the form of a hydrated gel. These ones are composed of 
glycosaminoglycan chains (GAGs) covalently linked to a protein core (Venkatasubramanian, 
2012). Like the proliferation of PSCs and the infiltration of multiple immune cell types, the 
deposition of ECM components also contributes significantly to the pathogenic potential of the 
DR. The various ECM components can enhance the tumour cell proliferation and reduce drug 
penetration (CLG I, III and IV), increase the IFP (hyaluronan), enhance the resistance to apoptosis 
(FN and laminin) and can also diffuse nutrients and hormones at the bloodstream. Therefore, in 
the diseased pancreas, the significant over production of ECM components can be described as 
the failed resolution of a healing wound, leading towards the fibrosis state (Whatcott et al., 
2012). 

1.2.3.1.3 Hypoxia  
Another important characteristic of the PDAC is its hypoxic environment, in other words 

the lack of oxygen levels in the tumour microenvironment. In a normal pancreatic tissue, the 
median oxygen concentration ranges about 6.8% whereas in its tumoural stage the 
concentrations can drops to 0.4% (McKeown, 2014). This condition is thought to be secondary 
to the fibrotic microenvironment produced by the PSCs and the expression of several 
antiangiogenic substances. It has also been linked with worse clinical outcomes in patients, 
including the increment rates of tumour growth and metastasis. The hypoxic microenvironment 
in pancreatic cancer has been shown to induce the expression of the Hypoxia-Inducible Factor-
1 (HIF1) which has been associated with drug resistance and enhancement of cell invasion 
(Rasheed et al., 2012). 

1.2.3.2 Research Approaches for PDAC 

As already said before, the limited therapy efficacy in PDAC due to its dense 
desmoplastic stroma and hypoxic microenvironment makes it very important to undergo the 
understanding of its biology background in order to identify early detection strategies, 
preventive measures and more effective and reliable interventions over the standard ones (Deer 
et al., 2010). 

To date, it has been characterized over 20 different human pancreatic cancer cells. AsPC-
1, Capan-1, Capan-2, HPAC and PANC-1 are among the eleven most commonly referenced 
pancreatic cancer cells. Scientists have not only characterized these cells by their phenotype and 

 
3 Phenotype of a cell is a description of its physical characteristics (Personal Genetics Education 

Project, 2019). 
4 The GFAP is one of the intermediate filament proteins, which also includes the keratins, 

vimentin, desmin, peripherin and nestin (Moser et al., 2007). 
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genotype5 but also by their adhesion, migration, invasion and even angiogenic potential. Finally, 
some attention has also been given to their tumorigenicity, which describes the cancer cell line’s 
propensity to produce a tumour in vivo (Deer et al., 2010). These cell lines have been being 
established in the pancreatic cancer research field and have been showing numerous outcomes 
specially when cultured in 3D models (Kuen, 2017). As it will be enhanced later in this report, 
several studies using 2D and 3D cultures have been being performed, however the complex 
chemical, biological, biomechanical and structural in vivo situation of the PDAC has only been 
mainly achieved in 3D cultures.  

This ultimately leads to the last section of the Framework Chapter where it will be clarified 
the importance that TE has been having when predicting models that are more realistic and 
closer to the ones seen in in vivo studies.  

1.3 Tissue Engineering  

1.3.1 Definition  
TE was previously described in 1993 by Robert Langer as “an interdisciplinary field that 

applies the principles of biology and engineering to the development of functional substitutes 
for damaged tissue” (Mi et al., 2014). Summarizing, TE refers to the practice of combining 
biomaterials, such as scaffolds, cells and biologically active molecules in order to assemble 
functional tissues that can restore, maintain or improve damaged tissues or organs (National 
Institute of Biomedical Engineering and Bioengineering, 2019). This field has been arising since 
the 1970’s due to the fact it has been answering to the one of the most common and costly 
problems in human health care which is the loss and failure of organs or tissues in human 
patients. The increasing number of transplantation surgeries has led to a high donor organ 
demand which is even more far exceeding the supply. So, alternatively, instead of transplanting 
living organs, other substitutes such as biocompatible polymers or metals have been being 
improved to be used for transplantation issues. It is then here, where the role of TE has its 
greatest impact (Mi et al., 2014). 

1.3.2 The Main Elements of Tissue Engineering 
When talking about TE it is important to highlight the principle elements involved in its 

procedure. The three main aspects of TE include the cells, the biological factors (signals) and the 
scaffolds. Each of these elements play an exclusive role when designing a TE model. The cells 
are the building blocks of the tissue and play a critical role in its healing and regeneration (Mi et 
al., 2014). The most common types of cells used in TE models are the stem cells inasmuch as 
they are undifferentiated, have an unlimited auto renew ability and a high differentiation 
potential into many different types of cells (Serra, 2018). On the other hand, biological factors 
can influence the function and behaviour of cells in the scaffold, significantly. These elements 
mainly consist of hormones, cytokines, growth factors or extracellular matrix molecules. The 
employment of growth factors can lead cells to perform their normal functions when cultured 
in TE models. As a final element, the scaffolds recapitulate the normal tissue development 
process by allowing the cells to formulate the desired microenvironment requirements (Mi et 
al., 2014). It provides the necessary support for cells to attach, migrate and proliferate and 
confers the biomechanical and biochemical cues that act on different cell functions. Summing 
up, the scaffold acts as a synthetic analog of the natural ECM. As such, considering the material 

 
5 Genotype of a cell is a description of its genetic characteristics (genetic identity) (Personal 

Genetics Education Project, 2019). 
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properties (weight, viscosity, composition, etc.) is essential to design the best biomimetic cell 
cultures that assure drug delivery (Mi et al., 2014; Santo et al., 2017). 

The figure bellow shows a typical TE cycle where a certain number of cells are isolated 
form the human body (a) and put in culture to produce more cells (b). The resulting cell culture 
is seeded onto a porous scaffold along with growth factors (c) and consequently cultured in 
static or dynamic conditions (d). Finally, it is implanted as a regenerative tissue into the site of 
the defect of the natural human tissue (e) (Mi et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 1.6: The Tissue Engineering Cycle (Mi et al., 2014) 

1.3.3 Tissue Engineering in Cancer Research 
Over the last years TE has not only evoked new hopes for the cure of organ failure but 

also provided new technology platforms to study the features of tumour cell growth. The 
advances in stem cells’ technology has allowed to study the interactions that occur when 
replicating the physiological conditions in TE cancer models. This way it is possible to understand 
the relevant mechanisms that control cell growth in the tumoural progression since its initial 
stage. That is why, studying the tissue microenvironment became the key factor since it plays a 
crucial role in cell signalling and regulation of normal and malignant cell functions (Horch et al., 
2013). For the PDAC approach, and even for other types of cancers, featuring its 
microenvironment in a 3D structure could be the starting point to tailor specific tissue properties 
of individual patients and help doctors to understand how a specific tumour would be likely to 
spread or to respond to treatment, potentially improving the outcomes for pancreatic cancer 
patients (Velliou, 2018). When studying 3D interactions of cells in a TE model it is also important 
to highlight the critical role of dynamic cultures, more specifically the use of bioreactors, which 
will also be further enhanced in this report. 

1.4 Summary 

Summing up, the necessity of improving new cancer models for drug development has 
considered to be imperative since many of the drug testing failures in clinical trials are due to 
the lack of predictability existed in the preclinical experiments. The shift from animal models (in 
vivo models), to more realistic approaches (3D in vitro models) has challenged researchers to 
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investigate new solutions in fields such as the TE. The last one has been described as one of the 
most promising bets in biomedical research, more specifically when mimicking the main 
physiological features of a tumour microenvironment from its early stages till the moment it 
starts to spread across other tissues’ compartments. Consequently, the improvement of new 
efficient methods to control cell progression and facilitate drug penetration that is so difficult to 
oppose in the PDAC, could be easily achieved.    

1.5 Objectives  

Therefore, the overall aim of this work is settled in developing a 3D pancreatic cancer 
model that supports the long-term growth of pancreatic cancer cells cultured both in static and 
dynamic conditions. In order to compare how the cells’ behaviour and viability differed, a 
chemotherapeutic agent was added in both the systems after a long-term culture. The last goal 
is to prove for the first time that the 3D culture of pancreatic cancer cells in a perfusion 
bioreactor, closely recapitulates the features of a real pancreatic tumour microenvironment.  
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2 State of Art 

In this chapter are highlighted the different cell culture models where the Pancreatic 
Cancer Research has been most incident to. These ones range from two-dimensional (2D) in 
vitro models, to three-dimensional (3D) in vivo and in vitro models. The characteristics and 
comparisons between each other are specified as well as their advantages and disadvantages. 
By the end it is also explained why using in vitro models, more specifically, polymeric scaffolds, 
are considered to be of potential use in pancreatic cancer studies. The addition of dynamic 
systems is also an added value when mimicking a real tumour microenvironment (TME), which 
is something that static cultures usually fail to recapitulate.   

2.1 In vivo and In vitro Model Systems 

Since the last century, the biotechnology field has been trying to target the researcher’s 
attention in order to find novel therapies capable of optimizing the cancer research studies in 
terms of its drug screening, and biological understating. To make this possible a variety of cell 
culturing models have been used and improved when cultured and tested with tumoural cells.   

2.1.1 2D in vitro Models 
2D in vitro models have been used as cell culture models even before the last decade of 

the 20th century and consist of growing cells in flat surfaces such as petri dishes or flasks 
(Mimetas, 2019). Despite the disadvantages associated with these systems, which will be further 
enhanced, 2D Models have still however been being used in a huge part of the scientific 
community (Ricci et al., 2014). This is because they are essentially less expensive than any other 
cell culture model, being its use much more accessible to the research field. Another reason for 
their high demand is that they are easily reproducible and have a much lower complexity, which 
makes their analysis and observations easier to perform and understand. 

From the studies found regarding pancreatic cancer research in 2D in vitro systems, it is 
exalted the one where Richards et al. showed that cancer-associated fibroblasts (CAFs) are 
intrinsically chemoresistant to Gemcitabine6 (GEM) and have an active role in regulating the 

 
6 The Gemcitabine is one of the main chemotherapy drugs used to treat PDAC (Pancreatic Cancer 

UK, 2017). This chemotherapy agent is a nucleoside analog that replaces one of the building blocks of 
nucleic acids during the DNA replication (cytidine). Since the new nucleosides cannot be attached to the 
"faulty" nucleoside, the cell apoptosis occur (DrugBank, 2019). 



12 

 

chemoresistance of pancreatic cancer cells. CAFs exposed to GEM dramatically increased the 
release of exosomes7 that potentiated cell proliferation and survival in recipient epithelial cancer 
cells, leading to a consequent increase of the expression of the chemoresistance-inducing factor, 
Snail. Treatment of GEM-exposed CAFs with an inhibitor of the exosome release, significantly 
reduced the survival of drug resistant cells in co-cultured epithelial cells, suggesting that blocking 
exosome communication may be a promising therapeutic strategy for patients receiving GEM-
based treatments (Richards et al., 2017). Additionally, Hashimoto et al. investigated the role of 
autophagy8 in pancreatic cancer cells and saw that it was significantly induced in the PDAC when 
compared to a healthy pancreatic tissue. Autophagy was markedly increased after treatment 
with 5-Fluorouracil (5-FU) or GEM whereas its inhibition with chloroquine, suppressed the 
growth of PANC-1 and BxPC-3 cells (Hashimoto et al., 2014). Porcelli et al. illustrated promising 
results on the role of Rucaparib, a PARP-1 inhibitor of enzymes that cancer cells use to repair 
strand breaks caused by genotoxic agents. The antitumour effectiveness of combining the PARP-
1 inhibitor before, together and after radiotherapy evidenced the first, as the optimal feature in 
blocking cell growth. Pre-exposure to Rucaparib increased the cytotoxicity of GEM and 
radiotherapy by heavily inducing the accumulation of cells in G2/M phase of the life cell’s cycle, 
impairing mitosis and finally inducing apoptosis and autophagy (Porcelli et al., 2013). 
 

Because in a 2D system cells grow in a monolayer, as it can be 
seen in the picture aside that represents the isolation of 
human epithelial cells in 3T39 mouse embryonic fibroblasts co-
culture (Hynds et al., 2017), some implications regarding their 
predictability in mimicking a real tumour microenvironment 
are associated. More specifically, 2D cultures do not entirely 
represent the real cell-cell and cell-ECM interactions occurred 
in a real in vivo system. In a human body, cells do not grow and 
function in a 2D environment, they are instead surrounded by 
other cells in a 3D arrangement (Mimetas, 2019; C Ricci et al., 
2014). Another implication related to the use of these models 
is the tendency of the cells to change not only their phenotype 

(cell shape and morphology) but also their genotype (gene and protein expression), which 
induces some contradictions in the final results (Mimetas, 2019; Yamada et al., 2007). The 
exposure of cells to the culture media in 2D systems also brings another relevant disadvantage 
since the cells are equally exposed to the same concentrations, which is not what happens in 
the case of cells in a body’s tissue. Because here they organized in a 3D layer, the nutrients and 
drug flows are not spread uniformly throughout the tissue (Jellagen - Marine Biotechnologies, 
2019). Therefore, the diffusion limitations that cells experience in in vivo, are not well 
represented in 2D in vitro cultures. There is always presented a nutrient gradient which the 2D 
models practically nullify. 
 

2.1.2 3D in vivo Models 
One of the other models widely used for many decades to study human diseases are the 

murine models, more specifically human tumour xenografts. In these models, human tumour 

 
7 Exosomes are small vesicles containing RNA and proteins, which are constantly secreted by cells 

and have many intriguing functions in the human body, including intercellular communication and 
signalling (Thermo Fisher Scientific, 2019). 

8 Autophagy is an intracellular degradation system that delivers cytoplasmic constituents to the 
lysosome (cellular digestion) (Mizushima, 2007). 

9 3T3 are cell lines whose original growing procedure consisted being transferred (T) every three   
days (3) and plated at three hundred and thousand (300.000) cells per plate (NCBI, 2019). 

Figure 2.1: 2D Co-Cultured  
System Model 

(Hynds et al., 2017) 
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cells are transplanted into the organism of immunocompromised mice that do not reject human 
cells. With this, the tumour inside the mice develops and grows within a certain period of time 
and the last one is subjected to different therapeutic testings (Richmond et al., 2008). 

There are several types of immunocompromised mice that can be used to establish 
human tissue xenografts. A very common one is the Athymic Nude Mouse (ANM), with a genetic 
mutation that unables the presence of thymus10, being consequently incapable of producing 
thymus-derived-cells (T Cells). The name “nude” comes from the lack of hair growth in their skin 
(Richmond et al., 2008; River, 2019; Wettersten et al., 2014). Another broadly used mouse is the 
Severely Compromised Immunodeficient Mouse (SCID) that in addition to the lack of T Cells it 
also lacks B Cells11 and are thus characterized by an absence of an adaptive immune response 
(Richmond et al., 2008; Wettersten et al., 2014). The Non-Obese Diabetic Mouse with the SCID 
mutation (NOD/SCID) is also another frequent used laboratory mouse, so in addition to impair 
T and B Cells development, these mouse’s background also results in a deficient Natural Killer 
Cell12 (NK) function (Richmond et al., 2008; River, 2019). In picture 2.2 it is showed how the 
phenotypes of the AN and NOD/SCID mice differ between each other. 

When talking about xenograft models, it is important 
to understand that these ones are divided in the 
Orthotopic and Subcutaneous Xenografts Models and 
the Experimental Metastasis Model (Wettersten et al., 
2014). The Orthotopic Xenografts consist of tumour 
tissues or cells that are injected into an organ type in 
which the tumour originated (Richmond et al., 2008). 
These models might accurately reproduce the tumour 
microenvironment seen in the human body and allow 
observations of all the metastatic processes, however, 
the requirement to undergo animals to a major surgery 
in order to access the tumoural tissue, makes this 
procedure, time consuming, expensive and technically 
challenging (Richmond et al., 2008; Wettersten et al., 
2014). The Subcutaneous Xenografts consist of small 
tissues or cells that are injected subcutaneously on the 
flank of animals (under the skin) (ProQinase, 2019; Wettersten et al., 2014). Here, not only the 
measuring of the tumour size with the use of a caliper13  without having to subject the animal to 
surgeries, but also the tumour injection inside the mouse’s organism, are much more facilitated. 
Nevertheless, these models tend to be not as predictive as the orthotopic models, consequently 
lacking an in vivo tumour-like system. Finally, the Experimental Metastasis consists of tumour 
cells that are injected directly into the venous circulation or highly vascular organs. Following 
the intravenous injection, it is possible to access the ability of tumour cells to arrest and grow in 
a particular organ or tissue. Yet, this process limits itself to only certain steps of the metastasis 
process (circulation, extravasion, formation of metastasis and colonization) whereas the 
Orthotopic Models have access to the entire one (primary tumour formation, localized invasion, 

 
10 The Thymus is a little organ which is part of the lymphatic system and produces progenitor 

cells that mature into T-Cells that helps destroy infected or cancerous cells (Live Science, 2018). 
11 B Cells are cells developed from the bone marrow that are involved in immunity defences 

(Encyclopedia Britannica, 2019). 
12 NK Cells kill virally infected cells and detect or control early signs of cancer (British Society for 

Immunology, 2019). 
13 Caliper is an instrument that consists of two adjustable legs or jaws for measuring the 

dimensions of material parts (Encyclopedia Britannica, 2019). 

Figure 2.2: AN Mouse on the top (River, 
2019) and NOD/SCID Mouse on the 

bottom (River, 2019) 
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intravasion, circulation, extravasion, formation of metastasis and colonization). However, the 
controlled number of cells injected as well as the specification of the metastasis sites are 
beneficial points associated to use of these systems (Wettersten et al., 2014). 

Adamska et al. indicated that the ABCC3 gene inhibition (novel target in PDAC) with MCI-
715, demonstrated strong antitumour activity. Using mouse models with human cancer cell 
lines, it was shown that the pharmacological inhibition of ABCC3 significantly decreased the 
PDAC cell proliferation and clonal expansion, therefore increasing the mice’s survival rate 
(Adamska et al., 2019). Ferro et al. proved that using genetic and pharmacological approaches 
by inhibiting the G protein-coupled receptor, GPR55, reduced pancreatic cancer cell growth in 
transgenic mouse models. These ones were treated with a combination of the GPR55 
antagonist, Cannabidiol (CBD) and GEM, surviving nearly three times longer when compared to 
mice treated with GEM alone (Ferro et al., 2018). Furthermore, Costa-Silva et al. showed that 
PDAC-derived exosomes induced liver pre-metastatic niche formation in naive mice. Uptake of 
PDAC-derived exosomes by Kupffer cells14 caused transforming secretion and upregulation of 
FN by hepatic stellate cells. This fibrotic microenvironment enhanced recruitment of bone 
marrow-derived macrophages at the same time the macrophage migration inhibitory factor 
(MIF) was being highly expressed in PDAC-derived exosomes. Its blockade prevented liver pre-
metastatic niche formation. This suggested that exosomal MIF may be a prognostic marker for 
the development of PDAC liver metastasis (Costa-Silva et al., 2015). 

Despite the several advantages that 3D in vivo models may present when screening a 
more realistic TME, the use of living organisms induces till today ethical questions that make 
their use more controversial in the scientific field (Ricci et al., 2014; Richmond et al., 2008). 
Obtaining concordance between animal models and clinical trials, as already stated before, also 
remains a challenge for researchers who are starting to seek new techniques that approach a 
more realistic in vivo situation. This is why the use of 3D in vitro systems has become an urgent 
need to study tumoural diseases (Hoarau-Véchot et al., 2018). 
 

2.1.3 3D in vitro Models 
The development of 3D models using organoids systems has been shown to provide new 

opportunities in drug testing and understand better the biology background of pancreatic 
cancer. More specifically, these models can recreate a closer authentic in vivo like 
microenvironment of the human cancer. 3D in vitro models are considered to be the gap 
between 2D cell cultures and whole animal systems (Yamada et al., 2007). Unlike 2D, 3D models 
reproduce the distinct invasive behaviour of human tumour cells, mimicking not only the 
tumour-stromal cell interactions, but also the cell-cell and cell-ECM interactions of human 
carcinomas. In addition, these models also reflect the influence of the microenvironment on 
cellular differentiation, proliferation, apoptosis and even gene expression (Jong, 2005). 

2.1.3.1 Spheroid Models 

 Spheroids are one of the most widely used 3D model systems which consist of a small 
aggregate of cells growing freely without adhering to a solid surface (Fennema et al., 2013; Totti 
et al., 2017). 

There are several methods designed to create spheroid models being the most common 
ones the Hanging Drop, the Forced Floating and the Agitation Based Approach Method. In the 
first one, cells spontaneously aggregate at the bottom of a plate that was inverted and where 

 
14 Kupffer cells are resident macrophages of the liver and play an important role in its normal 

physiology and homeostasis as well as participating in the acute and chronic responses of the liver to toxic 
compounds (Roberts et al., 2007). 
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were at the beginning, drops of cell suspension (Fennema et al., 2013). In the Forced Floating 
method, it is prevented the spheroids’ attachment to the vessel surface by modifying it, resulting 
later in a forced-floating of cells. This promotes the cell-cell contact which consequently induces 
a multicellular sphere formation. Lastly, in the Agitation Based Approach, a cell suspension is 
placed into a container kept in motion, either stirred (spinner flask bioreactor) or rotated 
(rotating cell culture bioreactor). The continuous cell suspended motion makes them not to 
adhere to the container walls and instead they form cell-cell interactions making this way a 3D 
cell culture arrangement (Breslin et al., 2013). Picture 2.3 gives a proper look of how these 
spheroid-based methods look like. 

 

 

 

 

 

 

Several experiments using spheroid models have been being developed over the last 
years and many of them have proved to be more predictive than 2D cultures. For example, Wong 
et al. established an efficient 3D tumour spheroid model for PDAC that was made by co-culturing 
PSCs with MIA PaCa-2 and AsPC-1 cells on hyaluronan grafted chitosan (CS-HA) coated plates 
which later assembled into tumour-like co-spheroids. These models displayed potent in vitro 
tumourigenicity such as up-regulated expression of stemness and migration markers. The 
migration rate of cancer cells was much faster in the 3D model than in the 2D co-cultures. This 
cancer cell structure also contributed to the chemoresistance of pancreatic cancer cells to GEM, 
turning it into a potential application in personalized and high throughput drug screening for 
PDAC (Wong et al., 2019). Lazzari et al. characterized a 3D multicellular spheroid tumour model 
by the liquid overlay technique that consisted of a co-culture of PANC-1 cells, MRC-5 fibroblasts 
and human umbilical vein endothelial cells (HUVEC). The results revealed the presence of a core 
rich in fibroblasts and FN in which endothelial cells were homogeneously distributed. The 
integration of the three cell types enabled to reproduce a complex microenvironment that 
reduced the sensitivity of cancer cells to chemotherapy thus closely mimicking the resistance to 
treatments observed in in vivo (Lazzari et al., 2018). Ware et al. achieved a spheroid in vitro 
model by incorporating PSCs into 3D cell culture containing, PANC-1, AsPc-1, BxPC-3, Capan-1 
and MIA PaCa-2 cells. This was done using a modified hanging drop method which uses a 
viscosity-inducing agent called methylcellulose. The increased expression of collagenous regions 
leaded to the decrease in the GEM’s cytotoxicity in the spheroids containing PSCs when 
compared to spheroids grown without PSCs, which proved that PSCs closely interact with cancer 
cells to create a tumour facilitatory environment that stimulates local and distant tumour 
growth. This could potentially provide an insight into pathways that may be therapeutically 
targeted to inhibit PSCs activation, thereby inhibiting the development of fibrosis in PDAC and 
its progression (Ware. et al., 2016). Furthermore, Longati et al. developed a spheroid system 
containing various human PDAC cell lines and compared it to a 2D culture where differences in 
cell metabolism, and chemoresistance were captured. The lactate accumulation was 
significantly higher after 6 days in culture in the spheroids system indicating the cells’ metabolic 
pathway’ transition from oxidative phosphorylation to aerobic glycolysis induced by the hypoxia 
phenomena. In addition the production of CLG and FN as well as the resistance to GEM, was 
increased in these systems (Longati et al., 2013). 

Figure 2.3: Forced Floating on the left, Hanging Drop on the middle 
and Agitation Based Approach on the right (Breslin et al., 2013) 
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Despite the findings mentioned above suggest spheroids to be an attractive system for 
in vitro studies with a distinct cell behaviour from 2D cultures and a higher resistance to 
traditional treatments, some disadvantages are associated to their usage and designing 
methods. For instances, in the Hanging Drop Method, culturing cells can be an inexpensive 
procedure when using standard plates but more expensive if done in specialized ones. Related 
to this is the fact that when preparing small cultures, the medium change turns up being difficult 
to handle when trying to avoid disturbing the cells. On the other hand, spheroids produced using 
this approach can be very suitable for high throughput testing and easily accessible, such as in 
the other methods. In the Forced Floating Method, despite simplicity and inexpensiveness are 
its major characteristics, the variability in cell shape and size, as well as the intensive labour 
requirements needed to run it, are usually current associated problems. In the Agitation Based 
Approach, there is a great advantage regarding the easily achievable large up production and an 
induced nutrients’ transport in the motion cultures. Nevertheless, there is a necessity of using 
specialized equipment since the cells can often be exposed to shear stress that can lead to their 
irregular size and shape. Consequently, these experiments turn up to be more time consuming 
(Breslinet al., 2013). 

2.1.3.2 Hydrogel Models  

Hydrogels are characterized as crosslinked 3D polymeric network structures that can 
absorb and retain considerable amounts of water. These materials, can be formed by either 
natural or synthetic materials, offering a wide range of mechanical and chemical properties 
when culturing cells (Rosiak et al., 1999; Tibbitt et al., 2009). 

Natural gels are mostly formed of proteins and ECM components such as CLG, FN, fibrin 
or hyaluronic acid (HA) as well as of materials derived from other biological sources, such as 
chitosan, alginate or silk fibrils. Since these gels are mainly built from natural compounds, they 
are inherently biocompatible being therefore very promising in the viability, proliferation and 
development of many cell types. Still, non-natural gels are formed of poly (ethylene glycol) 
(PEG), poly (vinyl alcohol) (PVOH) poly (2-hydroxy ethyl methacrylate) (PHEMA), among many 
other polymers. These types of hydrogels have shown a high ability to maintain the cultured 
cells viable and induce the ECM deposition. They are also very reproducible and consequently 
easy to manufacture (Tibbitt et al., 2009). 

Although hydrogels reveal to be quite versatile models in cell cultures, they can also 
show some weaknesses. For example, natural gels may usually become complex, making it 
difficult to determine which signals are promoting the cellular function. A risk of contamination 
can also be associated, and their natural properties make them more easily degradable and 
contractible. In addition, synthetic gels lack factors that promote cell behaviour, permitting only 
the visualization of the cell function. In figure 2.4 it is demonstrated a specific example of how 
non-natural gels fail to activate integrins15 and other surface receptors. Their synthetic 
environment only permits the cell viability in the 3D microenvironment, whereas in the natural 
gels, not only the integrin-binding sites can be seen but also the cells’ growth factors (Tibbitt et 
al., 2009). 

 
15 Integrins are transmembrane receptors that mediate cell-adhesion, binding themselves to ECM 

glycoproteins or connective tissue components (H. J Danen, 2019). 
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Liu et al. developed a hydrogel capable of mimicking the diverse biochemical composi-
tions and dynamic microenvironment of pancreatic desmoplasia. The modular thiol-norbornene 
crosslinking of gelatin, HA and PEG-based macromers, decoupled the influence of HA and matrix 
stiffness on PDAC cell fate. It was found out that PDAC cells responded to the HA-containing gel 
with limited cell proliferation and that the HA promoted invasive and matrix-induced epithelial-
mesenchymal transition phenotype in PDAC cells (Liu et al., 2018). Liu et al. have also prepared 
hydrogels capable of being dynamically stiffened through an enzymatic reaction to test if the 
matrix stiffness affects the myofibroblastic activation of PSCs in pancreatic cancer. Later results 
evidenced that PSCs encapsulated and cultured in a stiffened matrix expressed higher levels of 
the α-Smooth Muscle Actin (α-SMA) and HIF-1, suggestive of a myofibroblastic phenotype (Liu 
et al., 2017). Similar studies were performed by Raza et al. who designed a PEG-based hydrogel 
prepared by step-growth thiol-ene photopolymerization, where PANC-1 cells were encapsu-
lated. The goal was to illustrate the importance of matrix compositions on cell fate determina-
tion. Results showed that the thiol-ene hydrogels provided a cytocompatible environment for 
encapsulation and culture of PANC-1 cells after 4 days in culture, when comparing to 2D culture 
surfaces. It was also detected a higher sensitivity of the cellular proliferation to the stiffness of 
the matrix after 10 days in culture (Raza et al., 2013). Ki et al. characterized a PEG-peptide hy-
drogel system to demonstrate the influence of matrix properties and epidermal growth factor 
receptor (EGFR) inhibition on the growth of PANC-1 cell lines. The results showed a higher cell 
viability and proliferation in softer hydrogels when compared to stiffer ones. In addition, the 
immobilization of an EGFR peptide inhibitor, in soft hydrogels did not cause cell death whereas 
in stiff ones, a significant cell apoptosis was induced (Ki et al., 2013). 

 
Hereupon, although hydrogels exhibit numerous advantageous properties in addition to 

their permeability to oxygen and nutrients for the cells, their high-water content however, pre-
sented due to their hydrophilic structure and large pore sizes, often results in a relatively rapid 
drug release which can be often problematic in 3D cultures. Their low tensile strength also 
makes them difficult to handle and can result in their premature dissolution. Issues like this can 
restrict their use in many drug screening test therapies (Hoare et al., 2008; Sudhakar et al., 
2015). 

2.1.3.3 Polymeric Scaffold Models 

Polymeric Scaffolds have been gaining more and more prominence over the last years 
as a promising approach for ex vivo modelling of many cancer diseases. Unlike the other in vitro 
models already described before, polymeric scaffolds can, along with cells, recreate the closest 
microenvironment characteristics of in vivo tumours, more specifically of the pancreatic cancer, 
since they have been used as scaffolding materials for soft tissues (representative for the PDAC), 

Figure 2.4: Non Natural Hydrogels on the left composed of synthetic polymers (orange) and 
Natural Hydrogels on the right composed of biological polymers (orange) where it can be 
seen the integrin binding-sites (green) and the growth factors (red) (Tibbitt et al., 2009). 
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cartilage and bone tissue engineering (Fischbach et al., 2007; C Ricci et al., 2014; Totti et al., 
2017).  

These scaffolds are defined as three-dimension porous or fiber solid biomaterials 
designed to promote some of the events occurring in a tumour progression (cell adhesion, cell-
ECM interactions, ECM deposition, transport of oxygen and nutrients, proliferation, 
differentiation, etc). Like hydrogels, polymeric scaffolds can also be made of synthetic and 
biological materials and depending on their fabrication method, the tensile strength, rate of 
degradation, porosity, shape and size can be easily manipulated. One of the other reasons these 
3D models have gained such attention in medical research is due to their high-surface-to-volume 
ratio, mechanical properties, biodegradation and biocompatibility (Dhandayuthapani et al., 
2011). 

As already seen before in the TE section of 
the Framework Chapter, the scaffolds are 
seeded with cells from an in vivo 
environment and with the addition of 
biomarkers and a culturing media, the ex 
vivo modelling of an in vivo system is 
achieved as it can be seen in the figure aside. 

Despite the advantages of polymeric scaf-
folds, there are however few limited studies 
investigating the potential of these 3D mod-
els in pancreatic cancer research. From the 
ones found, more recently, Wang et al. de-
veloped nanofiber electrospun scaffolds 
seeded with PANC-1 cells to unveil how the   
physical attributes of the ECM regulate the 
mechanics of cell adhesions and intermedi-
ate filaments16 assembly in PANC-1 cells. 

These scaffolds enhanced the expression of E-cadherin17 and promoted assembly of keratin in-
termediate filaments. Meanwhile, the compositional variation showed different preference on 
up-regulation of the two intermediate filaments (Wang et al., 2019) Additionally, Wang et al. 
indicated that a highly porous polyglyconate/gelatin electrospun scaffold previously seeded with 
cancer stem cells (CSCs) enhanced the tumour formation and hepatic metastasis when trans-
planted into the pancreas of a nude mice. Evidences also showed that FOLFIRINOX18 had a su-
perior capability of preventing the hepatic metastasis of pancreatic tumour cells than GEM 
(Wang et al., 2013). Furthermore, Totti et al. fabricated a 3D porous polyurethane (PU) scaffold 
that was coated with FN to mimic features of the pancreatic cancer tumour microenvironment. 
The scaffold was able to support the proliferation of the pancreatic tumour cells, formation of 
dense cellular masses, production of CLG-I and formation of environmental stress gradients sim-
ilar to the ones reported in in vivo studies. This suggested the PU based scaffold to be a great 
potential for in vitro high throughput studies of pancreatic cancer (Totti et al., 2018). Ricci et al. 
developed 3 scaffolds based on two polymers, the poly (vinyl alcohol)/gelatin (PVA/G) and poly 

 
16 Intermediate filaments are a primary component of the cytoskeleton of a lot of eukaryotic cells. 

These ones are extended throughout the cytoplasm and the inner nuclear membrane and are composed 
from a large family of proteins (MBInfo, 2018). 

17 E-cadherin is a key component of the adherent junctions that are integral in cell adhesion and 
maintaining epithelial phenotype of cells (Mendonsa et al., 2018).  

18 FOLFIRINOX is the name of a combination of drugs that includes folinic acid, 5-FU, irinotecan 
and oxaliplatin, which is used as a treatment for advanced pancreatic cancer (Cancer Research UK, 2018).   

Figure 2.5: Modelling a 3D Tumour 
Microenvironment in a Polymeric Scaffold  

(Querido et al., 2017) 
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(ethylene oxide terephthalate)/poly (butylene terephthalate) (PEOT/PBT). Primary PDAC cells 
interfaced with different sponge-like pores and nanofiber interspaces and in all the scaffolds, 
PDAC cells showed good viability and synthesized tumour-specific metalloproteinases19 (MMPs). 
However, only sponge-like pores, obtained via emulsion-based and salt leaching-based tech-
niques allowed for an organized cellular aggregation very similar to the PDAC structure. This 
suggests that the type of polymer and its formulation technique have a crucial role in the cancer 
cell growth and MMP synthesis (Ricci et al., 2014). Finally, He et al. cultivated pancreatic CSCs in 
a poly (glycolide-co-trimethylene carbonate)/gelatin (PGTC/G) electrospun scaffold. The last one 
supported in vitro tumorigenesis from the cells for up to 7 days without inducing apoptosis in 
addition to an accelerated tumour evolution and proliferation (He et al., 2013). 
 
  The studies developed with polymeric scaffolds prove that these 3D models present a 
major advantage when studying human tissues, comparing to any 2D monolayer or other 3D 
model. Engineering scaffolds with different polymeric materials has, however, been a huge chal-
lenge in this field since depending on the type of cancer studied, there is a need for an optimi-
zation of the material’s formulation technique and physicochemical properties such as the ex-
ternal geometry, surface properties, porosity, etc. This can further increase the biological per-
formance parameters and guide the tumour tissue formation (Dhandayuthapani et al., 2011).  
Polymeric scaffolds are also due to their morphology, more complex and time consuming to 
reproduce making it also difficult to retrieve cells after culture (Breslin et al., 2013; Patel et al., 
2011). Nevertheless, due to their high mechanical strength, these models still remain strong 
tissue engineering candidates for the pancreatic cancer research enabling even the construction 
of robust perfusion systems (Totti et al., 2017). 
 

2.1.4 Comparison between 2D and 3D Models 
Having seen all the characteristics that differentiate 2D from 3D Models, table 1 was 

constructed in order to sum up all the properties from each model based on the advantages and 
disadvantages that were stated above.  
 

 
 

 
19 Metalloproteinases are involved in wound healing, angiogenesis, and tumour cell metastasis 

(National Cancer Institute, 2019).  

Table 1: 2D vs 3D Models, adapted from (Ricci et al., 2014) 
Figures from (Biolabs, 2011; Burek et al., 2017; Hickman et al., 2014; Jo et al., 
2018; Parker Institute for Cancer Immunotherapy, 2019; Place et al., 2009) 

 
(Biolabs, 2011; Burek et al., 2017; Hickman et al., 2014; Jo et al., 2018; Parker 

Institute for Cancer Immunotherapy, 2019; Place et al., 2009) 
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Seeing all the major characteristics of the in vivo and in vitro models, and what 
achievements have been obtained with each of them, it is possible to conclude why polymeric 
scaffolds have most of the advantages when mimicking the tumour microenvironment and the 
ECM assembly. The reason why it has also become a highly demanded cell culture model despite 
its complexity and time consumption’s factors, was also well specified in this chapter. Although 
xenografts’ properties show to be the most similar to the 3D in vitro scaffolds, these models 
cannot however show such predictive results as well as it brings some involvements to the 
cancer research (Ricci et al., 2014). This way, polymeric scaffolds have become the potential 
model to look into the future for PDAC studies. 

2.2 Culture Systems  

This chapter enhances the two mainly used cell condition cultures: the Static and the 
Dynamic Culture (UKEssays, 2018). Each of them allows the cultivation of cells in distinct ways 
with comparable results.   

 

2.2.1 Static Culture 
Static Culture Systems were initially developed for the growth of adherent cells and 

tissue clots. These systems are based on flasks or plates with a flat bottom that operate in static 
conditions under a controlled atmosphere within an incubator. The cells are commonly seeded 
with a certain amount of medium that provides nutrients and allows oxygen diffusion for the 
cells to survive. Nowadays not only adherent cells are being cultivated in these systems but also 
suspendable cells (Al-Rubeai, 2015). 

With the advances in animal cell technology, static 
cultures have become less efficient when comparing to 
the dynamic ones, due to their quite low cell and product 
concentrations that are a consequence of the low seeding 
efficiencies and the limited culture medium that only 
maintains a small number of cells in culture. 
Furthermore, other problems are related to this type of 
culturing which are the poor transport of nutrients, 

oxygen and wastes, that induce the presence of concentration gradients in culture (Al-Rubeai, 
2015; Perez et al., 2014). 

2.2.2 Dynamic Culture 
   Dynamic Culture Systems were also developed with the same aim as the static culture 

ones. Here, adherent cells grow attached to microcarriers20 in roller bottles which are filled with 
medium and revolving slowly. The gentle agitation prevents gradients from forming within the 
medium which does not happen in static cultures and may adversely affect cell growth. The 
roller bottles were designed to increase the surface area required for the cultivation of large 
number of adherent cells as well as the further increase in cell and product concentrations (Al-
Rubeai, 2015). 

 
20 Microcarriers are matrices in which adherent cells can attach to, allowing them to proliferate 

while suspended freely in a bioreactor’s media (Chemometec, 2019). 

Figure 2.6: 2D Static Culture 
(Perez et al., 2014) 
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There are a bunch of advantages related to dynamic culture 
systems that are not found in static ones. They range from a better 
nutrient and waste delivery as well as a larger gas-liquid oxygen 
transfer, offering the cells a higher survival rate and a high cell 
number in culture. These systems also allow a more homogenous 
suspension of cells within the culture medium (Campos et al., 2013; 
Perez et al., 2014). In the next section there are enhanced some of 
the most common dynamic culture systems used in the 

biotechnology field (bioreactors) and what characteristics make 
them very a very promising approach when culturing cells in 3D in 
vitro models.  

2.2.2.1 Bioreactors in Tissue Engineering 

Bioreactors are unit operations defined as devices that use mechanical stimuli to 
influence biological processes in cell culture. They can aid the in vitro development of new 
tissues by providing the biochemical and physical regulatory signals that cells need to undergo 
differentiation or to allow the production and deposition of ECM. As already said before, the 
development of new dynamic culture’s equipments was essential to overcome the problems 
associated in static. This way, bioreactors are supposed to perform several functions that range 
from the uniform cell distribution, the maintenance of the optimal concentration of gases and 
nutrients, the facility of the mass transport to the tissue and the exposition of the construct to 
physical stimuli to purvey information about the expansion of the 3D tissue (Partap et al., 2010). 

 

2.2.2.1.1 Spinner Flask Bioreactors  
Spinner Flask Bioreactors are one of the most used and basic 
bioreactors in TE. They induce the mixing of oxygen and 
nutrients throughout the medium and reduce the 
concentration boundary layer at the construct surface. Here, a 
magnetic stirrer mixes the media and the scaffolds are fixed in 
place with respect to the moving fluid. These bioreactors are 
commonly associated with turbulent flow, having this way lead 
to an improvement on cartilage grown experiments. However, 
they are still not much appropriate for some clinical uses due 
to their lack of mass transfer that could prevent homogeneous 
cell distribution. In addition, cells predominantly reside on the 
construct periphery (Partap et al., 2010). 

 

2.2.2.1.2 Rotating Wall Bioreactors 
Rotating Wall Bioreactors consist of cylindrical chambers in 
which the vessel walls (outer and inner) are both capable of 
rotating at a constant speed. This rotational speed is such that 
a balance is reached between the downward gravitational 
force and the upward hydrodynamic drag force acting on the 
scaffolds and allowing them to move freely in the media. 
These equipments own a much more versatile option than 
spinner flasks due to their dynamic laminar flow generated by 
the rotating fluid that reduces the diffusional limitations of 
nutrients and wastes while producing low levels of shear 
stress. Fluid transport is enhanced in a similar mechanism as 
the spinner flasks and gas transport occurs through a gas 

Figure 2.7: 3D Dynamic Culture 
(Perez et al., 2014) 

 

Figure 2.8: Spinner Flask 
 (Martin et al., 2004) 

 

Figure 2.9: Rotating Wall 
Bioreactor 

(Martin et al., 2004) 
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exchange membrane. As the tissue grows in the bioreactor, the rotational speed must be 
increased in order to balance the gravitational force and ensure that the scaffolds remain in 
suspension (Partap et al., 2010). 
 

2.2.2.1.3 Compression Bioreactors  
Compression Bioreactors are a class of bioreactors that are 
designed in a way that both static and dynamic loading can be 
performed. The bioreactors consist of a motor, a system providing 
linear motion and a controlling mechanism used to provide 
displacements of different magnitudes and frequencies. Due to the 
dynamic compression, fluid flows in the scaffolds making this way 
an improvement in the mass transfer and an upgrading in 
aggregate tissues to levels approaching those of in in vivo. 
However, some care must be taken when stimulating multiple 
scaffolds simultaneously, in order to make sure that the constructs 

are of similar height or the compressive strain applied will vary 
as the scaffold height does (Partap et al., 2010). 
 

 

2.2.2.1.4 Flow Perfusion Bioreactors  
Beyond the bioreactors described above and other 
ones also commonly used (Tensile Strain and 
Hydrostatic Pressure Bioreactors), the Flow Perfusion 
Bioreactors are currently considered to be the most 
valuable in many TE areas (Campos et al., 2013). One 
of the reasons, is that cultures using flow Perfusion 

Bioreactors have been shown to provide more 
homogeneous cell distribution throughout the 
scaffolds, whereas in the Spinner Flask Bioreactors, as 

already seen before, most of the viable cells are placed on the periphery. These equipments 
consist of a pump and a scaffold chamber joined together by tubing. A fluid pump is used to 
force media flow through the cell seeded scaffold, and the last one is kept in position across the 
direct flow path of the device. The media is consequently perfused through the scaffold, 
enhancing fluid transport within the internal pores (Partap et al., 2010). This way, the system is 
capable of performing both seeding of the scaffold and subsequent culturing of the construct 
(Martin et al., 2004). 
When comparing this dynamic culture system to other bioreactors, the first one has proved to 
be the best for fluid transport. However, it is important to consider that the effects of direct 
perfusion can be highly dependent on the medium flow rate. Optimizing a perfusion bioreactor 
must address a careful balance between the mass transfer of nutrients and waste products, the 
retention of newly synthesized ECM components and the fluid induced shear stress within the 
scaffold pores (Partap et al., 2010). To date it is unknown any perfusion bioreactor system used 
for pancreatic cancer studies, however, this device has shown its potentialities in other tumour 
diseases such as breast and colorectal cancer that along with pancreatic cancer represent a 
similar tissue stiffness and TME characteristics. For example, Manfredonia et al. investigated the 
suitability of a perfusion-based bioreactor for 3D culture of primary colorectal cancer cells where 
these ones were fragmented and put between 2 GLG scaffolds in a “sandwich-like” format. The 
3D model was cultured for 3 days both in a perfusion and static system. Results showed that 
cultures under perfusion resulted in significantly higher maintenance of the tissue integrity 
when compared to the static cultures, with preservation of the whole TME components (cancer, 

Figure 2.10: Compression Bioreactor 
  (Martin et al., 2004) 

  

Figure 2.11: Flow Perfusion  
Bioreactor 

  (Martin et al., 2004) 
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mesenchymal stromal and immune cells). This tumour tissues also displayed an almost intact 
architecture with viable and proliferating tumour cells in similar proportions to those of original 
tumours. In addition, immune cells were capable to release effector cytokines21 upon activation 
(Manfredonia et al., 2018). Additionally, Muraro et al. cultured primary breast cancer cells in the 
same “sandwich-like format” between CLG porous scaffolds and cultured it under a perfusion 
flow.  The viability of the breast cancer specimens in perfusion was preserved and promoted the 
expansion of breast cancer cells along with stromal and immune cells into the scaffolds. The 
cancer cells were also viable and recapitulated the initial histology formation of glands after 21 
days (Muraro et al., 2017). Several studies using perfusion systems have also been tested for 
bone tissue engineering as it is the example of Warren et al. who designed PU scaffolds, 
previously seeded with murine preosteoblasts22 and loaded them in dynamic culture. Results 
showed a significantly improved core cell activity and density (maintained at approximately 
80%), compared to the static culture and the periphery ratio also showed steady till the end of 
the experience (Warren et al., 2009). In addition to other studies, the scaffold-based perfusion 
bioreactors proved to represent a successful organotypic tumour model for the long-term in 
vitro cell culture, even for thick tissues such as bone, and suitable for testing the sensitivity of 
primary tumour cells to different treatments.  

2.3 Summary 

Compacting all that was stated in the State of Art Chapter, it was firstly approached the 
different types of cell culture models that have been used through the years by researchers, 
leading to the conclusion that 3D models are currently, the potential candidates in the TE field. 
More specifically, the 3D polymeric scaffolds seem to have a suitable role when studying and 
mimicking the tumour’s microenvironment and ECM progression. Secondly it was broached the 
importance of having dynamic cultures when culturing mammalian cells and its benefits over 
static cultures (longer-term cell culture and survival rate). Lastly, it was enhanced the use of 
perfusion bioreactors that stimulate the cellular growth complexity similar to in vivo tumours. 

 
 

 
21 Effector Cytokines mediate host defensive mechanisms to various infections and are involved 

in the pathogenesis of many autoimmune diseases. These receptors are broadly expressed on various 
epithelial tissues (Ouyang et al., 2008). 

22 Preosteoblasts are mesenchymal cells that originate osteoblasts which are bone building cells 
(Rutkovskiy et al., 2016). 
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3 Materials and Methods 

When designing a biological experimental work, the main things to have into account are 
the variables of the system that was settled to be implemented. The variables are the unknown 
part of all the overall experiment. In this case, there were two uncharted parameters of interest: 
the Addition of Perfusion and the Addition of Drugs in a 3D model. Each variable has, therefore, 
its Experimental and Control experience that will be then combined between the other 
variable’s Experimental and Control experiences. Supposing that the Addition of Perfusion’s 
variable is given by P and the Addition of Drugs’ variable is given by D, the following table shows 
in a clear way what do the Experimental, E, and Control, C, experiences mean for each variable:  

Table 2: System’s Variables and Experimental and Control Experiences 

 Variables 

P D 
E Perfusion Culture Addition of Drugs 
C Static Culture Non addition of Drugs 

 

 Figure 3.1 helps simplifying the planning of the experimental work, allowing this way the 
visualization of how the main experiences will look like, as it is represented in table 3: 
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Figure 3.1: Experimental Planning Scheme 
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       Table 3: Main Experiences to be Performed 

PEDE Perfusion Culture with Drugs 

PEDC Perfusion Culture without Drugs 
PCDE Static Culture with Drugs 
PCDC Static Culture without Drugs 

 
 It is important to enhance that due to a coccus bacterial contamination in the third week 
of culture of the Perfusion Culture without Drugs, no available data regarding this experience is 
presented in the Results and Discussion Chapter of this report. 
          

Furthermore, other procedures were also considered as part of this dissertation’s work. 
These ones are:  
 

• The Culture of PANC-1 Cells in Hydrogels 

• The Culture of PANC-1 Cells in CLG Coated Scaffolds  
 

To perform all the experiments stated, a series of protocols had to be carefully followed 
and each of them is described in the next subchapters below. Since all the experiments where 
the cells were being used were done inside the Biological Safety Cabinet (BSC, Triple Red, UK), it 
was assured that the laminar flow was switched on and the hood was sterilized as well as all the 
materials used. During the procedures, all the plastic wares used were from Thermo Fisher 
Scientific, UK. Some of the lab’s compounds and equipments stated, are further described in 
Appendix A and B, respectively.   

3.1 Cell Maintenance  

The Cell Maintenance concerns to all the basic necessary procedures in animal cell 
culture. From the ones introduced bellow, the Media Change and Cell Passaging are periodically 
repeated (every two or three days). This is to assure the cells have their growth environment 
(media) rich in the nutrients necessary for their development and that they have enough space 
to continue to grow freely in the culture vessels.  

3.1.1 Preparation of Media  
A fresh bottle of Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (Sigma-

Aldrich, UK) is taken out from the -4°C and warmed up in the water bath (Thermo Fisher 
Scientific, UK) at 37˚C. Secondly, a falcon with 1 aliquot of 50ml of Fetal Bovine Serum (FBS, 
Thermo Fisher Scientific, UK), another with 5ml of L-glutamine (Sigma-Aldrich, UK) and another 
with of 5ml of Penicillin-Streptomycin Solution (Pen Strep, Sigma-Aldrich, UK) are taken out from 
the -20˚C to the water bath too.  

All the aliquots from the falcon are gently poured out in the DMEM bottle or with the 
help of a pipette gun and the bottle is mixed and labelled with the user’s initials and date of 
preparation. Finally, a certain amount of the freshly made media is added to a well plate and 
put in the in a humidified CO2 incubator (Thermo Fisher Scientific, UK) at 37˚C and 5% CO2 for 24 
hours to verify its sterility under the microscope (Zeiss, Germany). 

3.1.2 Media Change  
The DMEM is warmed up in the water bath at 37˚C. The medium inside the T-flask is 

poured out in a waste box and an appropriate volume of medium, depending on the culture 
vessel’s size, is added to it. Lastly, the PANC-1 cells (Sigma-Aldrich, UK, ECAAC 87092802) are 
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visualized under the microscope to confirm if everything is sterile and the vessel is put inside the 
humidified CO2 incubator at 37˚C and 5% CO2. 

3.1.3 Cell Passaging  
The Cell Passaging is a technique usually done to keep cells alive and growing for 

extended periods of time. During the Cell Maintenance’s Procedures this was done every time 
the cells showed a confluency23 of 80 to 90%, as seen in figure 3.2. 

The DMEM, the Phosphate-Buffered Saline (PBS, Sigma-Aldrich, UK) and the Trypsin-
EDTA (Sigma-Aldrich, UK) are warmed up in the water bath at 37˚C. The medium inside the T-
flask is poured out in a waste box and an appropriate volume of PBS is added to remove all traces 
of medium by swirl the vessel around. This is because, the medium already contains FBS that 
stops the Trypsin-EDTA’s action from detaching the cells from the vessel walls. The added PBS is 
poured out in the waste box and it is added an appropriate amount of trypsin-EDTA in the vessel. 
The culture vessel is then incubated for 5 minutes and after this period, it is certified under the 
microscope that the cells are well detached from the vessel walls. If not, the vessel can be 
incubated for another few minutes or tapped/swung gently.  

Consequently, a certain amount of medium is added to neutralize the trypsin-EDTA, 
action and the medium is pipetted to remove all adherent cells. The cell suspension is then 
added to a falcon and 1ml of it, is taken out and put in an eppendorf for cell counting procedures. 
The falcon is centrifuged for 5 minutes at a spin rate of 1500rpm. Finished this time, the resulting 
supernatant is poured out in the waste box and the cells are resuspended in a new medium 
volume. The cells are added to a new culture vessel with fresh medium, previously labelled with 
the cell name, passage number, user’s initials and date, always having into account that the 
volume taken from the falcon must have about 1 million cells. Finally, the cells in the culture 
vessel are visualized under the microscope and placed in the humidified CO2 incubator at 37˚C 
and 5% CO2. 

 

          
 
 
 
 
 
 

 
      Figure 3.2: PANC-1 Cells in a T-75 Flask with   ̴ 90% Confluency 

3.1.3.1 Cell Counting  

The Cell Counting is a procedure made to have an approximate estimation of how many 
cells are in a volume suspension.  

After taking 1ml of the cell suspension from the falcon to an eppendorf in the Cell 
Passaging subchapter, it is taken from here 500μl of cell suspension to a new eppendorf. 500μl 
of Trypan Blue (BioWhittaker, Lonza, Switzerland) is also added to the new eppendorf and the 
resulting solution is well mixed. Then, 10μl of the solution is taken from the eppendorf and 
introduced in one of the chambers of the haemocytometer (Bright-Line, Sigma-Aldrich, UK) that 
will be looked under the microscope. During the cell counting the PANC-1 cells are counted in 

 
23 Confluency is a measure of the number of the cells in a cell culture vessel, and refers to the 

coverage of the vessel by the cells (Definitions, 2019). 
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the 4 squares presented inside the haemocytometer’s chambers as it is presented in figure 3.3. 
After knowing the number of cells, a calculation is made to know the cell number presented in 
the falcon where the 1ml of cell suspension was taken from.  

𝑇𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 =  
(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑) (𝑑𝑖𝑙𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) (104) (𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛)

4
 (1) 

Knowing the number of cells in suspension and exact amount of medium where the cells 
will be resuspended again, it can then be calculated what volume, containing 1 million cells, 
needs to be taken out from the falcon to the T-Flask.  

 

 

 

 

 

 

 

3.1.4 Cell Freezing  
Depending on the number of cells required to freeze, several 1ml cryovials are labelled 

with the cell name, passage number, number of cells frozen, user’s initials and date. Following 
the steps of the Passaging Procedure and after centrifuge the falcon for 5 minutes, the 
supernatant is dropped out in the waste box.  A specific amount of medium is added to the 
falcon to create cell suspension, having into account that in this one will be added 10% of 
Dimethyl Sulfoxide (DMSO, Sigma-Aldrich, UK) quickly mixed. The DMSO acts like a 
cryoprotectant when freezing cells allowing them to freeze gradually at negative temperatures. 
Later, 1ml of cell suspension volume is added to each of the cryovials that are then stored in a 
freezing container (Mr Frosty) at -80˚C for 24 hours. The container is used to achieve a rate of 
cooling very close to -1˚C/min, the optimal rate for cell preservation (Thermo Fisher Scientific, 
2019). After this time, the cryovials are taken out from the Mr Frosty and put in a new box at -
80˚C. 

3.1.5 Cell Thawing  
The DMEM is warmed up in the water bath at 37˚C. A cell culture vessel is labelled and 

prepared with a certain amount of medium and 9ml of medium is added to a 15ml falcon. A 
cryovial is defrosted manually in the water bath until 90% of the vial is thawed out. Very quickly, 
the cell suspension is taken out from the cryovial using a 1ml pipette and added to the falcon 
tube. The procedures need to be done quickly because the freezing medium contains DMSO 
which is harmful to the cells at room temperature. The falcon is then centrifuge for 5 minutes at 
a spin rate of 1500rpm. After this, the resulting supernatant is dropped out in the waste box and 
an appropriate amount of medium is added to the falcon and pipetted to mix the cell pellet. The 
cell suspension is then added to the culture vessel prepared before and the cells are visualized 
under the microscope. The culture vessel is finally placed in the humidified CO2 incubator at 37˚C 
and 5% CO2 and after 24 hours the medium is changed to remove all remnants of DMSO.  

Figure 3.3: Haemocytometer where the cells are counted in the 4 squares highlighted in blue 
(Joshi, 2014; LW Scientific, 2019) 
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3.2 Preparation of the 3D Scaffolds  

The PU scaffolds are the frame of the cell structure. Their preparation goes from the 
moment when they are fabricated as a PU pie, by the Thermally Induced Phase Separation 
Method (TIPS), to the moment when they are seeded with PANC-1 cells. Between these two 
steps the scaffolds are coated with FN from bovine plasma (1mg/ml, Sigma-Aldrich, UK) via 
adsorption, not only to mimic one of the most prominent ECM proteins in pancreatic cancer, 
but also to enhance the cell adhesion on the PU matrix (Totti et al., 2018). All the followed 
procedures are described below:  

3.2.1 Fabrication of the PU Pie 
3g (5% w/v) of PU beads (Noveon, Belgium) are dissolved in 60ml of Dioxane (99.8% 

anhydrous pure, Sigma-Aldrich, UK) in a glass recipient with the help of a magnetic stirrer, at 
room temperature for 3 hours to make a homogenous polymer solution.  The solution is 
transferred to a petri dish inside a lyophilisation flask which is then quenched at -80°C, for 3 
hours. The phase separation takes place when the solvent is removed by freeze drying 
(sublimation) in a PEG bath at -15°C under 0.01mbar vacuum pressure, for 48 hours. The solvent 
is sublimated from the system and goes to a glass column placed inside a liquid nitrogen bucket. 
The presence of liquid nitrogen at -196˚C makes the dioxane to condensate from the gas to the 
liquid state being this way possible to retrieve it. The glass column is changed every two times 
per day till the initial volume of dioxane is mostly retrieved in the previous mixing recipient.  

 

 

 

 

 

 

 

 

 

3.2.2 Cutting the PU Scaffolds 
About half of the PU pie is introduced in a liquid nitrogen bucket at - 
196˚C for a few seconds. This will make the scaffold material more rigid, 
making it easier to cut than in its natural spongy shape. With the help of 
a blade and a drawn scale, half of the PU pie is cut into small pieces of 
5×5×5mm3 dimension. The scaffolds’ average pore size is 100-150μm, 
the porosity of 85-90%, which was previously determined by Mercury 
Intrusion Porosimetry (PoreMaster33, Quantachrome, USA), the 
specific volume of 2.3±0.48 cm3/g, which was previously obtained using 
Helium Displacement Pycnometry (AccuPyc, 1330 V3.00, Micromeritics, 
USA) and the compression modulus of 28±3 kPa, as previously reported 
(Safinia et al., 2006). 

 
 

a b c 

Figure 3.4: (a) TIPS System installed in the lab with the PEG bath at the right and the glass column 
covered with aluminium foil inside the liquid nitrogen bucket at the left. (b) Lyophilisation flask inside 

the PEG bath. (c) Resulting PU Pie inside the petri dish. 

Figure 3.5: Final cubic 
dimension required for 

each scaffold 
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3.2.3 Sterilization of the PU Scaffolds  
After cutting the PU scaffolds, they are placed in a well plate in order to be sterilized 

with 70% v/v ethanol solution under the UV light inside the BSC, for at least 3 hours. After this 
period, the ethanol solution is taken out from the wells with a pipette and the scaffolds are 
dipped twice with PBS and immersed in medium. The well plate is placed in the humidified CO2 
incubator at 37˚C and 5% CO2 overnight to verify later under the microscope if the scaffolds are 
well sterilized.  

3.2.4 Surface Modification of the PU Scaffolds  
The FN is taken out from the -4˚C and warmed up at room temperature and a 30ml FN 

solution with PBS is prepared in a 50ml falcon. Knowing that the Working Solution Concentration 
of the FN is 25μg/ml, by using equation number 2 it is known the volume that needs to be taken 
out from the stock solution.   

𝐶1𝑉1 = 𝐶2𝑉2 (2) 

In another 50ml falcon is added 30ml of PBS and a certain number of scaffolds are 
transferred with the help of a sterilized tweezer. The falcon is centrifuge for 10 minutes at a spin 
rate of 2500rpm. This is to assure the scaffold’s pores get widely open to adsorb the highest FN 
concentration as possible.  After this time, the scaffolds are taken out from the falcon and 
introduced in the one where the FN solution was previously prepared. The falcon where the 
scaffolds are now introduced is centrifuge for 20 minutes at a spin rate of 2000rpm to ensure 
the better penetration and uniform distribution of the FN in the PU matrix. After this time, the 
scaffolds are taken out from the falcon and introduced in the falcon previously used with a new 
30ml volume of PBS. The falcon is centrifuge for 10 minutes at a spin rate of 1500rpm.  This is to 
assure that the remnants of the FN that were not adsorbed by the scaffold’s are washed out 
from surface in order to unblock the pores. Consequently, the scaffolds are taken out from the 
falcon and introduced in a 24 well plate topped up with 1.5ml of medium in each well. The well 
plate is introduced in the humidified CO2 incubator at 37˚C and 5% CO2 overnight and the 
scaffolds are later looked under the microscope to check their sterility.  

3.2.5 3D Cell Culture in the PU Scaffolds 
After having the scaffolds sterilized, they are taken out from the 
medium where they were and put in new fresh wells from a 24 
well plate, by squeezing them properly in order to eliminate the 
medium’s excess and make them as dried as possible. The more 
dried they are, the better they will soak the cells and the more 
attached the cells will become after seeding. Following the steps 
of the Passaging Procedure, a certain amount of volume 
suspension is taken out from the falcon to a new one having into 
account the number of cells required for the seeding procedure 
(0.5 million cells in each scaffold). The new falcon is introduced 
in the centrifuge at a spin rate of 1500rpm for 5 minutes. The 
volume suspension is poured out in the waste box and a certain 

amount of medium is introduced in the falcon, knowing that only 30μl of cell suspension will be 
seeded in each scaffold. Then, 0.5 million PANC-1 cells (in 30μl of cell suspension) are carefully 
seeded into each scaffold. This method is achieved by adding the cell solution dropwise, waiting 
between each drop for the scaffold to soak the cells. The scaffolds are then left in the humidified 
CO2 incubator at 37˚C and 5% CO2 for a period of 1 hour and after this, 1.5ml of medium is added 
in each of the wells. The 24 well plate is again introduced in the humidified CO2 incubator at 
37˚C and 5% CO2 (Appendix C). 

Figure 3.6: PANC-1 cell 
suspension seeding onto the 

PU scaffold 
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3.3 3D Dynamic Cell Culture  

The Dynamic Cell Culture had place in a Perfusion Bioreactor (Cellab GmbH, Germany) 
where a set of different experiments were performed over time. The first ones consisted in 
preliminary experiments where the main goal was to optimize the perfusion flow rate that kept 
the highest cell’s viability in the scaffolds. Furthermore, a long-term culture of 4 weeks took 
place and a chemotherapy reagent was added after 28 days in culture. All the followed 
procedures are described below: 

3.3.1 Preliminary Experiments  
In these experiments 5 different flow perfusion rates were tested: 4.60ml/min, 

0.46ml/min, 2.5m/min, 1.5ml/min and 3.5ml/min. For each experience, 3 uncoated scaffolds 
are previously seeded with PANC-1 cells and kept in the humidified CO2 incubator at 37˚C and 
5% CO2 for a period of 24 hours in static culture. Each bioreactor’s bag is filled with the help of 
a syringe, with 50ml of medium that will be run through the scaffolds. After 24 hours in static, 
the scaffolds are introduced in a 24 well plate with a previous prepared solution of the cell 
viability reagent for 3 hours straight in the humidified CO2 incubator at 37˚C and 5% CO2. The 
solution absorbance is then measured, and the scaffolds are introduced in the bioreactor’s 
scaffold holders where a chosen flow rate will be run through for 48 hours straight. After this 
time, the scaffolds are taken out from the bioreactor and introduced again in a 24 well plate 
with a previous prepared solution of the cell viability reagent for new cell viability assays. The 
scaffolds are then washed in medium to clean any remnants of the cell viability solution and 
introduced inside cryovials to be snap frozen24 in liquid nitrogen at -196˚C during approximately 
15 minutes. The cryovials are then placed at -80˚C. 

3.3.1.1 The Perfusion Bioreactor 

The Perfusion Bioreactor used while running the experiments consisted of a Docking 
Station and a Disposable Set that are meant for artificial tissue culture. While running, this 
equipment is integrated inside the humidified CO2 incubator at 37˚C and 5% CO2 and connected 
to a standard PC where a software, The Cellab Control Centre, designs all the experimental 
control (Cellab GmbH, 2017). 

3.3.1.1.1 The Docking Station  
The Docking Station can operate for automated control of the cell tissue culture as it 

was performed in all the bioreactor experiments. This equipment is available with either a 1-
channel or 5-channel media pump. The last one, was the elected for this work’s purpose (Cellab 
GmbH, 2017). The peristaltic pump operates with a 5-channel disposable pump head from the 
disposable set. This one, offers a standard work range for the flow rate between 0.46 to 
4.60ml/min per pump channel. The flow rate, that is determined with zero pressure and no 
suction height can be adjusted in the control centre software with a resolution of 0.01ml/min 
(Cellab GmbH, 2017). 

 

 

 
24 Snap Freezing is the technique in which a sample is rapidly frozen using dry ice or liquid 

nitrogen. This procedure reduces the chance of water present in the sample forming ice crystals during 
the freezing process maintaining this way all the sample’s integrity and structure (Biocision, 2019). 
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The Docking Station, in the picture above, is constituted by: 

1. 5-channel Media Pump Head 
2. Gas outlet connector (not used in the experiments)  
3. Disposable Set receiving Frame 
4. Gas inlet connector (not used in the experiments) 
5. Temperature Sensor Plug  
6. USB Plug 
7. Power Plug 

 

3.3.1.1.2 The Disposable Set 
The Disposable Set designed for the tissue culture experiments consists of a closed 

tubing system assembled with a 5-channel disposable pump head, 5 scaffold holders and 5 
media bags where the media is introduced before starting the experiences (Cellab GmbH, 2017). 

 

  Figure 3.8: The Disposable Set 
   (News Medical Life Sciences, 2019) 

 

3.3.2 4 – Weeks’ Cell Culture in the PU Scaffolds  
5 coated scaffolds are previously seeded with PANC-1 cells and kept in the humidified 

CO2 incubator at 37˚C and 5% CO2 for a period of 24 hours in static culture. Each of bioreactor’s 
bags are filled with the help of a syringe, with 50ml of medium that will be run through the 
scaffolds when they are placed in. After 24 hours in static, the scaffolds are introduced in a 24 
well plate with a previous prepared solution of the cell viability reagent for 3 hours straight in 
the humidified CO2 incubator at 37˚C and 5% CO2. The solution absorbance is then measured, 

Figure 3.7: The Docking Station 
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and the scaffolds are introduced in the bioreactor’s scaffold holders where the best flow rate 
will be run through, for 4 weeks. Once a week, at day 7, 14, 21 and 28, a new cell viability assay 
is measured in the scaffolds.  

 

 

 

 

 

 

 

 

3.3.3 Addition of Chemotherapy after 4 weeks in Perfusion 
At day 28, the GEM (hydrochloride ≥98% (HPLC), 50mM, Sigma-Aldrich, UK) is taken out 

from the -20˚C and warmed up at room temperature. Knowing that the Working Solution 
Concentration of the GEM is 50μM, by using equation number 2 it is known the volume that 
needs to be taken out from both the stock solution to be mixed in a specific volume of DMEM. 
The perfusion with GEM is then run for 24 hours, and after this time there are chosen 2 scaffolds 
to be subjected to the cell viability assay while the others are kept in the perfusion system for 
another 24 hours. At the end of the additional 24 hours, the GEM is taken out and the remaining 
scaffolds are kept in culture till day 7 after adding the GEM. Once the cell viability in each scaffold 
is tested, these ones are then washed in medium to clean any remnants of the cell viability 
solution and introduced inside cryovials to be snap frozen in liquid nitrogen at -196˚C during 
approximately 15 minutes. The cryovials are then placed at -80˚C.  

 

 

 

 

 

 

 

 

 

3.4 3D Static Cell Culture 

The Static Cell Culture had place in well plates where a set of different experiments were 
performed over time. The first one consisted in the control of the preliminary experiments 
performed in the perfusion bioreactor while the 2 others consisted in a 4 – weeks’ culture where 
a chemotherapy reagent was added after 28 days in culture in one of the well plates. In addition, 

Figure 3.10: GEM Compound Structure (DrugBank, 2019) 

Figure 3.9: Long-Term Dynamic Culture in the Perfusion Bioreactor 
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a static culture using 5 different types of hydrogels (Manchester BIOGEL, UK) and a static culture 
using 4 jellyfish CLG coated scaffolds (Jellagen, Marine Biotechnologies, UK) were also developed 
for future work approaches. All the followed procedures are described below: 

3.4.1 Preliminary Experiments  
3 uncoated scaffolds are previously seeded with PANC-1 cells and kept in the humidified 

CO2 incubator at 37˚C and 5% CO2 for a period of 24 hours in static culture. After 24 hours in 
static, the scaffolds are introduced in a 24 well plate with a previous prepared solution of the 
cell viability reagent for 3 hours straight in the humidified CO2 incubator at 37˚C and 5% CO2. 
The solution absorbance is then measured, and the scaffolds are introduced in a 24 well plate 
previously topped up with 1.5ml of medium for a period of 48 hours straight. After this time, the 
scaffolds are taken out from culture and introduced again in a 24 well plate with a previous 
prepared solution of the cell viability reagent for new cell viability assays. The scaffolds are then 
washed in medium to clean any remnants of the cell viability solution and introduced inside 
cryovials to be snap frozen in liquid nitrogen at -196˚C during approximately 15 minutes. The 
cryovials are then placed at -80˚C. 

3.4.2 4 – Weeks’ Cell Culture in the PU Scaffolds  
7 coated scaffolds are previously seeded with PANC-1 cells and kept in the humidified 

CO2 incubator at 37˚C and 5% CO2 for a period of 24 hours in static culture. After 24 hours in 
static, the scaffolds are introduced in a 24 well plate with a previous prepared solution of the 
cell viability reagent for 3 hours straight in the humidified CO2 incubator at 37˚C and 5% CO2. 
The solution absorbance is then measured, and the scaffolds are introduced in a 24 well plate 
previously topped up with 1.5ml of medium. For a period of 28 days the scaffolds are kept in 
static having their media change in the wells every 3 times a week. Once a week, at day 7, 14, 
21 and 28, a new cell viability assay is measured in the scaffolds. 

 

 

 

 

 

 

 

 

3.4.3 Addition of Chemotherapy after 4 weeks in Static 
At day 28, the GEM is taken out from the -20˚C and warmed up at room temperature. 

Knowing the Working Solution Concentration of the GEM is 50μM, by using equation number 2 
it is known the volume that needs to be taken out from both the stock solution to be mixed in a 
specific volume of DMEM. The static culture with GEM is then settled for 24 hours, and after this 
time there are chosen 2 scaffolds to be subjected to the cell viability assay while the others are 
kept in the static system for another 24 hours. At the end of the additional 24 hours, the GEM is 
taken out and the remaining scaffolds are kept in culture till day 7 after adding the GEM. Once 
the cell viability in each scaffold is tested, these ones are then washed in medium to clean any 
remnants of the cell viability solution and introduced inside cryovials to be snap frozen in liquid 
nitrogen at -196˚C during approximately 15 minutes. The cryovials are then placed at -80˚C. 

Figure 3.11: Long-Term Static Culture in 
one of the 24-Well Plates 
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3.4.4 3D Cell Culture in the Hydrogels 
The hydrogels and the DMEM are warmed up in the water bath at 37˚C. Following the 

steps of the Passaging Procedure, a certain amount of volume suspension is taken out from the 
falcon to a new one having into account the number of cells required for the seeding procedure, 
which will be 6 times more concentrated than the final cell concentration solution required (0.5 
million cells in each ml of hydrogel) (Manchester BIOGEL, 2019). 500μl of each hydrogel is 
transferred into a 15ml falcon and centrifuged for 1 minute at a spin rate of 3000rpm. Knowing 
the dilution factor (0.2ml of cell suspension in 1.2ml of solution), 100μl of cell suspension volume 
is added to each hydrogel in the falcon (Manchester BIOGEL, 2019). The solution is gently mixed 
pulling the pipette upwards in a stirring motion, towards the surface of the hydrogel, making 
sure the pipette tip doesn’t leave the hydrogel. In a 48 well plate, 4 replicas from each hydrogel 
falcon are placed inside the wells making sure the hydrogel-cell mixture is spread enough to 
cover the bottom surface of the well. Then a certain amount of medium is pipetted in each well 
onto the surface of the gel. Finally, the cells in the well plate are visualized under the microscope 
and this one is placed in the humidified CO2 incubator at 37˚C and 5% CO2. The medium is kept 
changing every 3 time per week.  

3.4.5 3D Cell Culture in the CLG Scaffolds  
A 96 well plate with 4 jellyfish CLG coated scaffolds is placed inside the BSC. Following 

the steps of the Passaging Procedure, a certain amount of volume suspension is taken out from 
the falcon to a new one having into account the number of cells required for the seeding 
procedure (0.25 million cells in each scaffold). The new falcon is introduced in the centrifuge at 
a spin rate of 1500rpm for 5 minutes. The volume suspension is poured out in the waste box and 
a certain amount of medium is introduced in the falcon, having into attention that only 30μl of 
cell suspension will be seeded in each scaffold. Then, 0.25 million PANC-1 cells (in 30ul of cell 
suspension) are carefully seeded into each scaffold. This method is made adding the cell solution 
dropwise, waiting between each drop that the scaffold soaks the cells. Having this completed, 
the scaffolds are left in the humidified CO2 incubator at 37˚C and 5% CO2 for a period of 1 hour 
and after completed, a certain amount of medium is added in each of the wells. The 96 well 
plate is again introduced in the humidified CO2 incubator at 37˚C and 5% CO2. The medium is 
kept changing every 3 time per week. 

3.5 Bioprocessing Analysis  

The Bioprocess Analysis are a set of techniques designed to measure the viability and 
apoptotic pathways of the cultured PANC-1 cells. Since the reagents used in these procedures 
are light sensitive it is important to perform the experiments in the darkest environment 
possible. In this sub-chapter it is also presented the statistical analyses measured for the 
experiments under study. 
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3.5.1 Cell Viability  

3.5.1.1 alamarBlue Assay 

The DMEM is warmed up in the water bath at 37°C and the resazurin25 compound (7-
hydroxy-10-oxidophenoxazin-10-ium-3-one, sodium) alamarBlue reagent (Thermo Fisher 
Scientific, UK) is taken out from the -4°C and warmed up at room temperature (STEMCELL 
Technologies, 2019). It is prepared a solution containing an appropriate volume of medium and 
alamarBlue reagent and in a 24 well plate is added 1.5ml of the solution in each well, having into 
account that only 10% of the alamarBlue reagent is presented in it. After adding the scaffolds to 
the well plate, this one is incubated for 3 hours in the humidified CO2 incubator at 37˚C and 5% 
CO2. Then, 3 replicas of 100μl from each well are pipetted in a 96 well plate that will be 
introduced in a microplate reader (Cytation 5 Imaging Reader, BioTek, USA) and processed with 
the Gen 5 software (BioTek, USA), for absorbance measures.  

 

 

 

 

 

 

 

 

3.5.1.2 Live/Dead Cell Assay 

The DMEM is warmed up in the water bath at 37°C and the Calcein-AM26  (2μM, Thermo 
Fisher Scientific, UK) and Ethidium Homodimer-127 reagents (4μM, Thermo Fisher Scientific, UK) 
are taken out from the -20°C and warmed up at room temperature. The cryovials with the 
previously snap frozen scaffolds are taken out from the -80˚C and put in a liquid nitrogen bucket 
at -196˚C. The scaffolds are introduced in the BSC and cut into thin slices with the help of a blade. 
The harder the scaffolds are by being put in the liquid nitrogen, the easier it is to cut them. The 
resulting slices are placed in a 48 well plate and immersed with an appropriate amount of 
live/dead staining solution. The live/dead staining solution is prepared by mixing both the 
reagents in an appropriate volume of medium. Knowing that the Working Solution 
Concentration of the Calcein-AM and the Ethidium-Homodimer-1 are 4mM and 2mM, 
respectively, by using equation number 2 it is known the volume that needs to be taken out 

 
25 Resazurin is a blue indicator dye that undergoes colorimetric change in response to cellular 

metabolic reduction resulting from cell growth. The Resazurin gets reduced to Resorufin, a pink and highly 
fluorescent reagent which the fluorescence’s intensity produced is proportional to the number of viable 
living cells (BIO RAD, 2019). 

26 Calcein-AM is a cell-permeant dye that when contacted with live cells emits green 
fluorescence, indicating intracellular esterase activity (Thermo Fisher Scientific, 2019). 

27 Ethidium-Homodimer-1 is a cell-impermeant dye with high-affinity to the nucleic acid stain that 
when bounds to the DNA emits red fluorescence, indicating the loss of plasma membrane (Thermo Fisher 
Scientific, 2019).  

Figure 3.12: Reduction of Resazurin into Resorufin in Viable Cells 
(Riss et al., 2016) 
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from both the stock solutions to be mixed in a specific amount of DMEM with the help of a 
vortex. A certain amount of the live/dead staining solution is added to each of the wells from 
the 48 well plate and the last one is covered with aluminium foil and placed in the humidified 
CO2 incubator at 37˚C and 5% CO2 for 1 hour. After this time, the wells are washed twice with 
PBS and the presence of live and dead cells is evaluated with the Nikon Eclipse Ti Confocal 
Microscope and processed with the Nikon NIS-Elements Software (Nikon Instruments Inc., 
Japan). The cell viability analysis is measured in the ImageJ software and the following equation 
was used to determine the percentage of viable cells. 

% 𝑜𝑓 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 =  
𝐿𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑙𝑙𝑠
 × 100 (3) 

3.5.2 Cell Distribution  

3.5.2.1 DAPI Staining  

The DMEM is warmed up in the water bath at 37°C and the DAPI28 compound (4′,6-
diamidino-2-phenylindole) (1mg/ml, Thermo Fisher Scientific, UK) is taken out from the -4°C and 
warmed up at room temperature. The cryovials with the previously snap frozen scaffolds are 
taken out from the -80˚C and put in a liquid nitrogen bucket at -196˚C. The scaffolds are 
introduced in the BSC and cut into thin slices with the help of a blade. The resulting slices are 
placed in a 48 well plate previously pipetted with an appropriate amount of paraformaldehyde. 
A waiting time of 20min is settled for the Cell Fixation29 to occur and the paraformaldehyde is 
taken out from the wells and these ones are washed twice with PBS before adding the DAPI 
staining solution. Knowing the Working Solution Concentration of the DAPI is 2μg/ml, by using 
equation number 2 it is known the volume that needs to be taken out from the stock solution 
to be mixed in a specific amount of PBS with the help of a vortex. A certain amount of the DAPI 
staining solution is added to each of the wells from the 48 well plate and the last one is covered 
with aluminium foil and placed in the humidified CO2 incubator at 37˚C and 5% CO2 for 1 hour. 
After this time, the wells are washed twice with PBS and the sections are ready to be imaged.  

3.5.3 Cell Apoptosis  

3.5.3.1 Caspase 3/7 Staining  

The DMEM is warmed up in the water bath at 37°C and the CellEvent Caspase 3/7 green 
detection reagent30 (2mM, Thermo Fisher Scientific, UK) is taken out from the -20°C and warmed 
up at room temperature. The cryovials with the previously snap frozen scaffolds are taken out 
from the -80˚C and put in a liquid nitrogen bucket at -196˚C. The scaffolds are introduced in the 
BSC and cut into thin slices with the help of a blade. The resulting slices are placed in a 48 well 
plate and immersed with an appropriate amount of Caspase 3/7 staining solution. The Caspase 
3/7 staining solution is prepared by mixing both the reagents in an appropriate volume of 
medium. Knowing the Working Solution Concentration of the Caspase 3/7 green detection 
reagent is 5μM, by using equation number 2 it is known the volume that needs to be taken out 

 
28 DAPI is fluorescent stain that binds to the AT (adenine-thymine) regions of the cell´s DNA, thus 

emitting a blue fluorescence (Thermo Fisher Scientific, 2019). 
29 The Cell Fixation is a method essential for immunohistochemistry that preserves and stabilizes 

the cell morphology and tissue architecture as well as protects the samples against microbial 
contamination and possible degradation. The Paraformaldehyde is the most widely used chemical fixative 
in samples to be used in fluorescence studies (Thermo Fisher Scientific, 2019) 

30 The Caspase 3/7 green detection reagent is a fluorogenic substrate for activated caspase-3/7 
that is compatible with both live cell and fixed imaging. Activation of caspase-3 is an essential event during 
apoptosis, making this an optimized reagent for analysis of apoptotic cells (Thermo Fisher Scientific, 2019). 
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from the stock solutions to be mixed in a specific amount of DMEM with the help of a vortex. At 
this stage it can also be added the DAPI stain in a concentration of 1:200 to have a proper 
estimation of the total number of cells in the scaffold’s section. A certain amount of the Caspase 
3/7 staining solution is added to each of the wells from the 48 well plate and the last one is 
covered with aluminium foil and introduced in the humidified CO2 incubator at 37˚C and 5% CO2 
for 1 hour. After this time, the wells are washed twice with PBS and the presence of apoptotic 
cells is evaluated with the Nikon Eclipse Ti Confocal Microscope and processed with the Nikon 
NIS-Elements Software. The cell viability analysis is measured in the ImageJ software and the 
following equation was used to determine the percentage of apoptotic cells.  

% 𝑜𝑓 𝐴𝑝𝑜𝑝𝑡𝑜𝑡𝑖𝑐 𝐶𝑒𝑙𝑙𝑠 =
𝐴𝑝𝑜𝑝𝑡𝑜𝑡𝑖𝑐 𝐶𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑙𝑙𝑠 
 × 100 (4) 

 

3.5.4 Statistical Analysis  
Statistical analyses were performed in 3 independent cultures (N = 3) where 5 replicate 

scaffold measurements were averaged in one of the experiments and 7 replicate scaffolds 
measurements were averaged in the other two (n = 5 - 7). Error bars represent standard error 
of the mean (SEM) and the analysis of variance (Two-way ANOVA) was performed using the 
Graph-Pad Prism software (GraphPad Software, USA) with a p-value threshold 0.05 to evaluate 
whether there was any statistical difference between the experimental conditions.  
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4 Discussion and Analysis of Results 

This chapter will focus on the results’ presentation and its further analysis and 
discussion. The next subchapters below show the main experiments’ outcomes. 

4.1 Flow Rate’s Optimization in the Perfusion Bioreactor  

The first set of experiments designed in the Perfusion Bioreactor consisted in 
preliminary trials where different flow rates were run during the same amount of time (48 
hours). The goal was to see which perfusion flow rate kept the highest cell’s viability in culture 
and the best cell’s distribution throughout the scaffolds’ layers. The same was also studied in 
static culture (control) for better comparable results.  

The flow rates ran in the bioreactor are listed in table 4 along with the respective cell 
passage number that the previous seeded cells had at that time. 

Table 4: Flow Rates ran in the Preliminary Experiments  

Flow Rate Number Flow Rate (ml/min) Passage Number 

F1 4.60 11 
F2 0.46 11 
F3 2.5 11 
F4 1.5 12 
F5 3.5 12 

Static 0 11 
 

After measuring the cell viability for each experiment with the help of the alamarBlue 
reagent, variations in fluorescence were seen between all the flow rates as it can be visualized 
in the graphic from figure 4.1.  

. 

 



40 

 

 

 

 

 

 

 

 

 

 

  

From the results shown it is possible to see that the 3.5ml/min flow rate was the one 
that kept the highest alamarBlue fluorescence value leading then to the highest cell viability in 
culture. The 4.6ml/min and the 0.46ml/min which represent the maximum and lowest flow rate, 
respectively, showed a lower cell viability than the static culture. These last results turned up 
being contradictory to the current literature since it has been proved in several studies the 
enhancement of the cell viability in dynamic cultures when comparing to static ones. However, 
these discrepancies cannot be taken as certain since the cells were only cultured for a period of 
48 hours which is not enough for them to get adapted to a system different from the one where 
they have been used to grow (2D). It would probably be necessary to culture the cells for longer 
periods to actually see a higher cell viability in all the flow rates, when compared to the static 
culture. Another consequence of the short-term culture is the lack of significant differences in 
the alamarBlue fluorescence’s values between the flow rates which make these results 
inconclusive.  

Therefore, it was necessary to resort information given by microscopy imaging where 
cells from different sections of the scaffolds used in each flow rate, were stained with the DAPI 
reagent. This would make possible the visualization of the cells’ distribution throughout the 
layers and then conclude where they were more uniformly spread. Different images were taken 
for several samples from each flow rate and a montage was made to ensure the total 
visualization of the layer where the cells were scattered and more accurate comparisons. After 
their analysis, the most representative ones were chosen and are presented in figure 4.2.   

After comparing the data given by the alamarBlue fluorescence and the images where 
the cells were stained with the immunofluorescent stain it is possible to predict that the images 
give a much more realistic vision of how the cells grow after 2 days in culture. This is grounded 
by the significant differences between what is seen in static culture till the moment the scaffolds 
are run at a flow rate of 4.6ml/min. In figure 4.2a, the cells are mainly spread at the edges of the 
scaffold which, as seen in previous results, is very characteristic of cells cultured in a static 
system. The absence of a flow rate doesn’t allow the cells to migrate to other areas of the 
material. Similar results are also seen in figure 4.2b. Despite here the cells had already 
experienced the presence of a flow (0.46ml/min), this one was however too low to make the 
cells starting to migrate to other locations. On the other hand, in figure 4.2c, representative of 
the 1.5ml/min, the situation is already different.  

Figure 4.1: Growth of PANC-1 cancer cell lines in uncoated PU scaffolds for 48 
hours at different flow rates. Data are presented as mean ± SEM (N=3, n=3). N 

N = number of independent experiments; n = number of replicas.  
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Here, it can be noticed a migration of the cells to the inner part of the scaffold’s layer as 
well as in figure 4.2d where the cells were run at flow rate of 2.5ml/min. When comparing the 
two last figures however (4.2e and f) which represent the flow rates of 3.5ml/min and 
4.6ml/min, respectively, it is seen that in image e, the cells were able to have a much higher 
grow and distribution throughout the layer, occupying the majority of the scaffold’s section in 

a b 

c d 

e f 

Figure 4.2: (a-f) Representative immunofluorescence images of the PANC-1 cells’ 
distribution throughout the scaffold’s layer with fluorescent DNA staining (DAPI) 

after 48 hours in static, at 0.46 ml/min, at 1.5 ml/min, at 2.5ml/min, at 
3.5ml/min and at 4.6ml/min, respectively. 
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addition to a more uniform distribution, when comparing to the 4.6ml/min. This is in accordance 
to the previous seen alamarBlue fluorescence values. The subjection of the PANC-1 cells to the 
highest flow rate would then probably lead to much worse outcomes after a long-term culture, 
also because the cells could be much more easily washed out from the surface of the scaffold.  

Thus, analysing both the cell viability and distribution results in the preliminary 
experiments it was decided to choose the 3.5ml/min as the best perfusion flow rate to carry on 
in the long-term experiments. Hence, after knowing which flow rate to run in the cell-polymer 
3D model, some calculations regarding relevant parameters of the dynamic flow were able to 
be determined, as it is further described. All calculations were done assuming that the flow was 
ran in a single direction, perpendicular to the scaffold’s cubic structure.  

4.1.1 Reynolds Number 
For the Reynolds number, a value of 13.07 was reached, which suggests that the flow 

regime was laminar (<<2300) (Docs, 2019). The equation used for this calculus is presented 
below (Boschetti et al., 2006). The DMEM was stipulated as an incompressible Newtonian fluid 
with a density of 997.04 kg/m3 and a viscosity of 0.00089 Pa/s-1 (Dhall et al., 2016). 

𝑅𝑒 =
𝑑𝜌𝑣

𝜇
 ⇔  𝑅𝑒 =

0.005 × 997.04 × 0.0023

0.00089
 ⇔  𝑹𝒆 = 𝟏𝟑. 𝟎𝟕 (5) 

Where,   

d is the diameter/length of the scaffold (m) 
ρ is the culture medium density (kg/m3) 
μ is the culture medium viscosity (Pa/s-1)  
ν is the superficial fluid velocity within the construct (m/s)31 

4.1.2 Interstitial Fluid Flow 
The interstitial fluid flow, which consists in the fluid flowing through the 3D matrix, 

around interstitial cells (tumour cells, fibroblasts, immune cells etc) that helps with the transport 
of nutrients throughout the tissue, is another important parameter when studying the 
properties of a dynamic system in tissue engineering (Rutkowski et al., 2007). Therefore, this 
average value was determined as 5303μm/s by equation number 6 (Radisic et al., 2008). The 
void fraction was determined has the average porosity, which was comprehend between 85 and 
90%, as already stated in the Materials and Methods Chapter. The pores were assumed as 
cylindrical, following a tortuous pathway.  

𝑈 =  
2𝐻𝑄

ɛ𝑉
 ⇔ 𝑈 =  

2 × 0.005 ×  
0.0000035

60

0.88 ×  0.0053  ⇔ 𝑈 =  0.005303 𝑚/𝑠 ⇔ 𝑼 = 𝟓𝟑𝟎𝟑 𝝁𝒎/𝒔 (6) 

Where,   

H is the scaffold thickness (m)  
Q is the volumetric flow rate (m3/s) 
ɛ is the void fraction 
V is the scaffold volume (m3)  

 
31 The volumetric flow rate (Q) is given in m3/s, so the ν parameter is given by: 𝑄 = 𝜈 × 𝐴 , where 

A is sectional area where the flow passes through (5×5mm2). 

 



43 

 

4.1.3 Shear Stress  
Finally, the shear stress on the cell surface, which is imparted from the interstitial flow 

and plays mechanical stimulus in the tissue, was also calculated and an average value of 
2.9dyn/cm2 was achieved (Rutkowski et al., 2007). Equation number 7, based on Poiseuille flow, 
shows how this parameter was calculated (Radisic et al., 2008). The porous diameter was 
determined has the average porous size, which was comprehend between 100 and 150μm, as 
already stated in the Materials and Methods Chapter. 

𝜏 =  𝜂
4𝑈

𝑅
 ⇔  𝜏 =  

0.00089 × 4 ×   0.005303

0.00000130
2

 ⇔  𝜏 =  0.29 𝑘𝑔/𝑚. 𝑠2 ⇔  𝝉 = 𝟐. 𝟗 𝒅𝒚𝒏/𝒄𝒎𝟐 (7) 

Where,   

η is the culture medium viscosity (Pa/s-1) 
R is the pore radius (m)  

The determined value for the flow regime is known to be in accordance to what is seen 
in biological systems since it is prevalent the existence of a laminar fluid flow (Huang et al., 2018). 
On the contrary, the interstitial fluid velocity was different from the ones believed to be seen in 
a real tumour microenvironment, ranging from values between 0.1 to 10μm/s (Munson et al., 
2014). However, the majority of the few experimental measures, were based on animal models 
that constitute tumours which have their surrounding microenvironment substantially different 
from human tumours, as already said before (Munson & Shieh, 2014). As for the case of the cell 
surface shear stress, it is currently assumed to be in the order of 0.1dyn/cm2 in real in vivo 
tumours (Mitchell et al., 2013). Nevertheless, the achieved values were dependent from the 
perfusion flow rate velocity, as it is clearly seen in the three equations.  

Therefore, the optimization of a flow rate turns up being very important when the aim 
is to use a bioreactor to keep a dynamic culture for a specific cell line. The relevance of a 
bioprocessing optimization is even more evidenced when comparing the range of values used in 
this experiment to previous literature results that have between each other’s a huge lack of 
consensus. For example, Magrofuoco et al. used image analysis to study the scaffold morphology 
of a porous collagen disk sponge and the cell distribution within the construct. The experiments 
were carried out for 7 days in a perfusion bioreactor using a medium flow rate of 0.65ml/min 
and a mathematical model representing the cell growth heterogenicity was also performed 
(Magrofuoco et al., 2019). Furthermore, Starokozhko et al. induced hepatic differentiation of 
human-induced pluripotent stem cell (hiPSCs) under perfusion conditions to compare with in 
vivo tissues. Polydimethylsiloxane (PDMS) porous scaffolds were used as the cell frame structure 
and medium was perfused at flow rates of 1μl/min and 5μl/min for a period of 25 days 
(Starokozhko et al., 2018). In addition, Kim et al. designed and fabricated a perfusion bioreactor 
to study the differentiation and proliferation of intestinal epithelial organoid units seeded onto 
3D porous scaffolds tubes made of polyglycolic acid fibers (PGA). The culture medium was 
pumped at a flow rate of 1.5ml/min for 2 consecutive days (Kim et al., 2007). These results would 
then consequently lead to different values in the dynamic flow’s parameters, as it was the case 
in this study. 

Summing up, when designing a dynamic flow rate, the different system’s properties 
need to be taken into attention (type of cell line, type of 3D scaffold and bioreactor, peristaltic 
pump, scaffold holders, etc) since different variables lead to different results. Thereupon, one 
experimental procedure cannot be applicable to the ones under development.  
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4.2 Long-term Culture in a Dynamic and Static System 

The long-term experiments consisted in a period of 4 weeks where the PANC-1 cells 
were cultured in the previous coated PU scaffolds (Passage 14) both in the perfusion bioreactor 
and in the 24 well plates. As already said in the Materials and Methods’ Section the alamarBlue 
was measured every week and the evolution of the cell viability can be seen in the graphic from 
figure 4.3.  

 

Figure 4.3: Growth of PANC-1 cancer cell lines in coated PU scaffolds for 28 days both in static and 
dynamic culture. Data are presented as mean ± SEM. For the static culture it was used 2 well plates 
and the final values are presented as the average of both the well plates’ results (N=2, N=7). For the 

dynamic culture it was used 1 disposable set (N=1, n=5). Statistical differences for the cell growth are 
marked by asterisks (**p<0.0018; ****p<0.0001). N = number of independent experiments; n = 

number of replicas. 

From figure 4.3 it can be seen a clear evolution of the cell growth in both the different 
systems along the 4 weeks in culture, however the dynamic culture shows a significantly higher 
cell viability increment when compared to the static one. At day 1 both the systems represent 
approximately the same cell viability number which is in accordance to the expected data since 
this day represents the measured value after 24 hours in static culture before being introduced 
in the perfusion bioreactor and in the respective well plates. At day 7 and 14 the viability 
measurements turned to be higher in the dynamic system, however the significant differences 
only started to be seen from day 14 with a p-value below 0.0005. As for the static culture, the 
significant difference between two consecutive weeks was only seen from day 21 to day 28. 
Similar findings were reported by Stella et al. where the growth of PANC-1 cells in FN coated 
scaffolds during 29 days in culture didn’t show significant differences throughout the weeks, 
except between day 21 and 28 (Totti et al., 2018). The greater number of live cell masses in the 
perfusion system remained to be significant when compared to the static one even in the last 
day of culture (day 28) with a p-value below 0.0018. However, between day 21 to day 28, the 
difference in the cell viability of the dynamic system showed a much lower difference, with no 
significant difference, when compared to the previous weeks. This could lead to questions on 
whether it would be necessary to keep the PANC-1 cells in culture for an additional fourth week 
in a dynamic system since they seem to reach the optimal cell viability number much faster than 
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the static culture. Nevertheless, to reach a conclusion regarding the less time consumption of 
the dynamic system, it would be necessary to go through studies regarding the ECM secretion 
(distribution of CLG I and Ki-67, which is associated to the  cellular proliferation) and the analysis 
of oxidative stress (expression of HIF1-α) to see if they are significantly different between day 
21 and day 28 in culture. Since it has not been reported in literature similar studies using 
pancreatic cancer cells in dynamic systems, comparisons using other types of cancer cells are 
hence specified to suggest the versatility of the dynamic culture in forming higher cellular 
masses and real tissues-like structures. Hirt et al. cultured colorectal cancer HT-29 cells on CLG 
scaffolds and showed that the perfused 3D cultures resulted in a significantly higher cell 
numbers after 4 days in culture when compared to the static ones. The 3D perfusion culture also 
produced tissue-like-structures with morphology and phenotypes similar to xenografts (Hirt et 
al., 2015). In addition, Wan et al. revealed that neuroblastoma cells SY5Y cultured in a 3D 
Matrigel sandwich, showed significantly higher cell viability at day 14 in culture in the perfusion 
bioreactor (Hirt et al., 2015). Furthermore, Muraro et al. saw that the viable number of breast 
cancer cells cultured in a “sandwich-like format” scaffold was significantly higher both at day 7 
and 14 in the perfusion system than in the static one (Muraro et al., 2017).  

These findings can thus evidence the fact that using a perfusion system contributes to a 
significantly higher cell proliferation and viability after a certain period when comparing to the 
static culture system. A better cell distribution through the scaffold material and a more 
homogenous spatial organization is also achieved, as it was previously seen in the Flow 
Optimization Subchapter. These outcomes make the use of perfusion bioreactors as one of the 
keys to achieve a 3D culture system that more closely mimics the features seen in in vivo tissues.  

4.3 Addition of Gemcitabine after 28 days in Culture 

The addition of GEM, the drug of care in the PDAC, took place after 28 days in culture 
for both the dynamic and static systems. The drug’s concentration in both the systems was 
higher than its water solubility value of 22.3g/L (Human Metabolome Database, 2019). The 
differences on the cell viability measurements were studied at day 1 and 7 after adding the drug. 

4.3.1 Variations on the Cells’ Behaviour in Static Culture  
The alamarBlue results for the cell viability at day 1 and day 7 after adding the Gem are 

presented in figure 4.4 and the results for both the Live/Dead and Apoptotic Cell Assays are 
presented in figures 4.5. and 4.7, respectively. Both the results were compared to the control 
experiment where no treatment was added in culture  

In the next figure it is noticed a decrease both in the treated and the control culture. 
This effect however should have only been seen in the culture where the GEM was added (Figure 
4.4a).  The cell viability’s results regarding the control system can suggest that the cells were 
stressed before being measured with the alamarBlue solution. Possible events might have been 
the occurrence of mechanical stress when transferring the cells from the media to the 
alamarBlue solution in a new well plate (extra strength using the sterile tweezer) or when 
changing media through the 4 weeks’ culture (cells could have been washed out from the 
scaffold’s surface when immersed in 1.5ml of medium). Chemical stress could have also 
occurred during the procedures (the tweezer could have had some remnants of the GEM 
reagent) and therefore, a big percentage of the cell in the control system could have died. No 
significant differences were seen in the treated cell culture after adding the GEM between day 
0 and day 1. At day 7 however, it can be seen an increment in the cell viability, despite this event 
doesn’t show to be the same in the images taken from the confocal microscopy, both for the 
viable and apoptotic cells.  
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From the two graphics above in figure 4.5, it can be seen, as already mentioned before, 
that the percentage of live cells at day 7 (64%), in the treated culture, was lower than at day 1 
(67%) although the decrease was not significant enough to assume that the cells can continue 
to die even after 5 days without being in contact with the GEM. Additional replicates should be 
measured, or the cells should have remained in culture for longer periods to retain more 
accurate results. That is why, the requirement to the use of Caspase 3/7 green detection reagent 
was necessary, where all the apoptotic cells could be identified and a more accurate information 
about the remaining cell’s life period could be given. For the control analysis (Figure 4.5b) the 
results show however a different tendency where the number of live cells increased at day 7 
(86%) when compared to day 1 (72%). The percentage at day 1 however, should not have such 

Figure 4.4: Cell growth’s variation after adding the GEM (a) and without adding the 
GEM (b). Data are presented as mean ± SEM (N=2, n=7). N = number of independent 

experiments; n = number of replicas. 

 

Figure 4.5: Percentage of Live Area after adding the GEM (a) and without 
adding GEM (b). Data are presented as mean ± SEM (N=2, n=6). N = number 

of independent experiments; n = number of replicas. 

 

a b 

a b 
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a low percentage of live area as it was already noticed in the alamarBlue results. In a normal 
situation, when comparing to previous results, the value should be between 80 to 100% as it is 
seen on day 7. This suggestion is supported by Stella et al. who visualized that about 90% of the 
PANC-1 cells in FN coated scaffolds after 29 days in culture, were marked as positive for the 
Calcein-AM reagent (Totti et al., 2018). The next figure shows how the cells for both the static 
and control systems look live when stained for Live/Dead Viability Assays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a c 

b d 

Figure 4.6: (a and b) Visualization of PANC-1 cells in FN coated scaffolds with fluorescence Live (green, 
Calcein-AM) and Dead (red, Ethidium Homodimer-1) viability assays at day 1 and 7 in culture after 

adding the GEM, respectively. (c and d) Visualization of PANC-1 cells in FN coated scaffolds with 
fluorescence Live (green, Calcein-AM) and Dead (red, Ethidium Homodimer-1) viability assays at day 1 

and 7 with no addition of GEM, respectively. 
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After comparing both the Live/Dead confocal images and the alamarBlue plot with the 
post-treatment viability assays, it is proposed that metabolic activity dependent assays like the 
AlamarBlue or even MTT assay32 might be affected by cytotoxic agents. This leads to a lack of 
sensitivity when identifying differences in cell population within the scaffolds, especially for very 
high cell numbers, as it was the case. This is further supported by Ulukaya et al. that checked in 
a cell-free system the possible chemical interactions between the MTT assays and 22 different 
anti-cancer drugs. Some of the drugs caused a relatively significant increase in absorbance 
values in the MTT assays, giving rise to false results (Ulukaya et al., 2004).  

For the apoptotic cell analysis, the next image shows how the percentage of apoptotic 
cells varied between day 1 and day 7 after adding the gem in both the static and control cultures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

From figure 4.7a, it was shown a significant difference in the percentage of apoptotic 
area between day 1 and day 7 after adding the GEM in static with a consequent increment of 
30% (from 46% to 76%) between the two days. This event gives more accurate conclusions about 
the cell’s life cycle 7 days after being contacted for the first time to the GEM. While in the 
Live/Dead Cell Viability Assay it was not clear if the cells continued to die on this day, from this 
analysis it is already possible to conclude that the fraction of live area would significantly 
decrease if the cells were left in culture for additional days. On the other hand, the apoptotic 
area in the control system (Figure 4.7b), although not significant, decreased from day 1 to day 
7. However, as said for the Live/Dead Cell Viability Assay’s analysis, it would be expected a much 
lower value of apoptotic area on day 1 like the one seen at day 7 (5 to 10%). The next figure 
shows how the cells for both the static and control systems look live when stained with the 
Caspase 3/7 green detection reagent. 

 
32 The MTT tetrazolium reduction assays is one of the most used cell viability assays for high 

throughput screening. The quantity of purple colored formazan converted from the MTT (proportional to 
the number of viable cells) is measured by recording changes in absorbance using a microplate reader 
(Riss et al., 2016).  

Figure 4.7: Percentage of Apoptotic Area after adding the GEM (a) and without 
adding GEM (b). Data are presented as mean ± SEM (N=2, n=6). Statistical 
differences for the cell growth are marked by asterisks (***p<0.0002). N = 

number of independent experiments; n = number of replicas. 

a b 
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4.3.2 Variations on the Cells’ Behaviour in Dynamic Culture  
The alamarBlue results for the cell viability at day 1 and day 7 after adding the Gem are 

presented in figure 4.9 and the results for both the Live/Dead and Apoptotic Cell Assays are 
presented in figures 4.10. and 4.12, respectively.  

a c 

b d 

Figure 4.8: (a and b) Visualization of PANC-1 cells in FN coated scaffolds with fluorescent DNA staining 
(DAPI) and Caspase 3/7 activation reagent staining (green) at day 1 and 7 in culture after adding the 

GEM, respectively. (c and d) Visualization of PANC-1 cells in FN coated scaffolds with fluorescent DNA 
staining (DAPI) and Caspase 3/7 activation reagent staining (green) at day 1 and 7 with no addition of 

GEM, respectively. 

 



50 

 

 

 

 

 

 

 

 

 

 

 

 

As it can be seen from the previous figure it is noticed a significant decrease on the 
alamarBlue measurements between day 0 before adding the GEM (28 days in culture) and at 
day 1 after adding it in the bioreactor, where the p-value is below 0.0002. When comparing both 
the alamarBlue fluorescence between the dynamic and static system after treatment, both 
reached a very similar cell viability measurement on day 1, in a range of values between 2x106 
and 3x106. At the same time, the dynamic culture was the one that had the highest cell viability 
drop on this day. This leads to believe that the chemotherapy flow had a much higher effect on 
the dynamic system rather the static one, since the dynamic flow running through the cells 
distributed along the scaffold’s material might have had a potential role on the PANC-1 cells’ 
death. However, as for the images analysed in the static and control systems which showed 
completely different values from the alamarBlue that lead to distinct conclusions, the same 
happened in the dynamic system’s confocal images. These findings give an additional prove of 
why the alamarBlue induces a lot of biological errors when working with cytotoxic agents.  

From the graphic on figure 4.10 it is noticed an increment on the percentage of live area 
in the perfusion bioreactor between day 1 and 7, which is in accordance to what was seen in the 
alamarBlue plot. However, on day 1 a value of 83% of the live area reaches the conclusion that 
the GEM action didn’t have such an impact in the cells’ physiological functions as it had in the 
static culture, which showed only 67% of live area on day 1. It is important to enhance however, 
that the number of viable cells at day 0 in the perfusion bioreactor was significantly higher than 
in the well plates as it was already seen in the graphic from picture 4.3. Due to this and knowing 
that the added concentration of the GEM reagent was the same in both cases (50μM) it is prof-
itable to admit that the number of viable cells would be also higher in the post-treatment images 
taken from the dynamic culture. The same amount of drug would be penetrating the scaffolds’ 
layers and destroy approximately the same number of cancer cells. Nevertheless, the potential-
ity of the perfusion system cannot be underestimated because of this assumption. Another ex-
planation for the lower sensitivity from the cells to the drug, could be because of the greater 
cellular masses formed in culture that could have prevented the drug penetration. Other studies 
have reached similar conclusions such as the case of Wan et al. that showed lower cytoxicity of 
the 5-FU drug (10μM) and consequently a higher cell viability on spheroids previously cultured 
with colorectal cancer cell lines, DLD-1, and breast cancer cell lines, NCI/ADR (ATCC), over a long-

Figure 4.9: Cell growth’s variation after adding the GEM. Data are presented as 
mean ± SEM (N=1, n=5). Statistical differences for the cell growth are marked by 
asterisks (***p<0.0002).  N = number of independent experiments; n = number 

of replicas. 
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term culture of 17 days in perfusion (Wan et al., 2016). Furthermore, Hirt et al. discovered that 
the treatment with 5-FU in HT-29 colorectal cancer cell 2D culture, induced apoptosis, which 
consequently lead to a low cell viability number as well as the down-regulation of anti-apoptotic 
genes. As for the case of 3D cultures under perfusion in porous scaffolds, the drug treatment 
only induced nucleolar stress33 (Hirt et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
33 Nucleolar stress is characterized by cellular insult-induced abnormalities in nucleolar structure 

and function that leads to alterations in cell behaviour (Yang et al., 2018).  

Figure 4.10: Percentage of 
Live Area after adding the 
GEM. Data are presented as 
mean ± SEM (N=1, n=7). N = 
number of independent 
experiments; n = number of 
replicas. 

 

a 

b 

Figure 4.11: (a and b) Visualization of PANC-1 
cells in FN coated scaffolds with fluorescence 
Live (green, Calcein-AM) and Dead (red, Ethidium 
Homodimer-1) viability assays at day 1 and 7 in 
culture after adding the GEM, respectively. 
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Since the control experiment of the bioreactor (without the drug) was not possible to 
take till the end due to a bacterial contamination already stated before, it is unknown the 
percentage of live area that the system would have at day 1. Without this is not possible to 
compare the system under study to its control and conclude if the decrease on the value of the 
percentage of live area was significant after the GEM action. However, since it would be 
expected, as it is for the static culture, a percentage of live area between 90 to 100%, an 83% 
cellular viability value can support the argument regarding the efficacy of the dynamic culture 
in the cells’ resistance to chemotherapeutic stress. Nevertheless, for more accurate results, in 
future experiments should be added a higher concentration of GEM into the bioreactor that 
when compared to the one added in the static system, could be proportional to the number of 
viable cells in culture.  
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Figure 4.13: (a and b) Visualization of PANC-1 
cells in FN coated scaffolds with fluorescent DNA 
staining (DAPI) and Caspase 3/7 activation 
reagent staining (green) at day 1 and 7 in culture 
after adding the GEM, respectively.  

Figure 4.12: Percentage of 
Apoptotic Area after adding 
the GEM. Data are presented 
as mean ± SEM (N=1, n=6). 
Statistical differences for the 
cell growth are marked by 
asterisks (***p<0.0009). N = 
number of independent 
experiments; n = number of 
replicas. 
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Figure 4.12 shows a significant difference on the apoptotic area between day 1 and 7 
with a p-value lower than 0.0009, representing an increment of 28% from day 1 to day 7 after 
adding the GEM. The percentage of apoptotic area in the bioreactor however, at day 1 is lower 
(30%) than what was shown in the well plate (46%) which consequently leads to lower apoptotic 
values on day 7. Therefore, the dynamic and static culture show on this day an apoptotic area’s 
percentage of 58% and 76%, respectively. The increment of the apoptotic are in both the 
systems on day 7 suggests once more, that if the cells were kept in culture for a few more days 
the number of dead cells would potentially be higher. Yet, it is important to mention that both 
the live and apoptotic area range of values suggest the effectiveness of the perfusion bioreactor, 
in enhancing higher cellular concentrations along the scaffolds and thereafter a higher cell 
resistance to drug treatment. Consequently, conclusions regarding its closer recapitulation of a 
real tumoural PDAC tissue are easily sustained. The same is not seen in cells cultured in a static 
system where it lacks the presence of shear stress, interstitial flow (inducing a better distribution 
of oxygen and nutrients) and even diffusional limitations.   

4.4 Cell Viability’s Studies in other Biomaterials  

The long-term culture of the PANC-1 cell line in other biomaterials endured for 3 weeks 
and was done as part of future work’s experiments. In the Framework Chapter it was enhanced 
the heterogenicity that characterizes the PDAC, which is partly due to the DR. Therefore, due to 
the increasing number of other cell types, it turns up being necessary to study other biomaterials 
and biochemical cues that support other cells’ growth, adhesion and proliferation as the PU 
coated scaffolds makes for the PANC-1 cells. In other words, it is mandatory to synthetize a 
hybrid polymeric scaffold’s system that enables not only the viability of PANC-1 cells but also of 
other known pancreatic cells such as the PSC’s, immune cells, endothelial/epithelial cells, 
fibroblasts, etc. Not all cells adapt to a certain material the same way, some of them can 
continue to grow and proliferate while others can stop their division cycle and even die. Because 
of this, it is necessary to study how cells behaviour in other materials or biomarkers and discover 
which ones contribute to their highest viability, that can lead to the production of more robust, 
heterogeneous and versatile biosystems. For this reason, two different systems were selected 
to study the PANC-1 cells’ growth. 

4.4.1 Long-term Culture in a Hydrogel Static System 
The first system consisted in a set of 5 different hydrogels that were cultured for 3 weeks 

along with the cancer cells (Passage 18). From the Live/Dead image’s analysis it was seen that 
each one of them kept a different cell proliferation after the 3 weeks in culture. Since the 
hydrogels also differed in mechanical and functional properties, the cells consequently adapted 
in different ways to each one of them. The table below shows how the Storage Modulus (G’), 
also known as Elastic Modulus, which represents the energy stored in the elastic structure of 
the sample, and the Charge, vary in each of the peptides (Franck, n.d.).  

Table 5: PeptiGels’ Mechanical and Functional Properties, adapted from (Manchester BIOGEL, 2019) 

PeptiGel Alpha 1 Alpha 2 Alpha 3 Alpha 4 Alpha 5 

G’ (kPa) 5 10 5 1 14 
Charge Neutral Medium Low High High 

 

The next figure shows how the PANC-1 cells’ morphology and proliferation would look 
like with the cells cultured in a control system, more specifically only in DMEM. It is important 
to notice that this image was once to be analysed with the presence of the Alpha1 Hydrogel, 
however, after a few days in culture it was seen that the hydrogel started to desegregate and 
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after a week of changing medium it got completely washed out from the culture. Because of 
this, the images taken from the cells cultured in Alpha 1 were labelled as the control since what 
it is shown are the cells attached to the bottom of the well where they were cultured in medium.  

 

 

 

 

 

 

 

 

 

 

 

It is seen after the culturing period, the formation of big cellular clumps in the medium, 
as the PANC-1 cells have the tendency to do. In addition, almost all the cells presented were 
marked as positive for the Calcein-AM. The same happened for the Alpha 2 cell culture (figure 
4.15a), although here, the cellular masses were not as big as the ones seen in the control system, 
suggesting that a lower number of cells is achieved with the presence of the Alpha 2 peptide. In 
the case of the Alpha 3 peptide (figure 4.15b), the image shows that the cells were able to 
proliferate and migrate along the material and remained viable during the 3 weeks in culture. 
The opposite happened however, for both the Alpha 4 and Alpha 5’s peptides (figure 4.15c and 
d, respectively). Culturing these hydrogels with the pancreatic cancer cells resulted in the cells 
death, with a very low number of viable cells in both the systems after the 3 weeks’ period. From 
all the images analysed, the Alpha 5 peptigel was however the system where most of the present 
cells were marked as positive for the Ethidium Homodimer-1.  

These results propose that the PANC-1 cells have a higher ability of attaching and 
proliferate in materials with a lower storage modulus and charge as it is the case of the Alpha 3 
which describes, along with the Alpha 4, one of the materials with less solid-like properties and 
mechanical rigidity. What reinforces the fact that the PANC-1 cell line grows better in lower 
charge peptides is the fact that despite the Alpha 4 has a storage modulus similar to the Alpha 
3, the first one, which has a higher charge, potentiated the death of a bigger percentage of cells. 
The conclusions taken from the Alpha 5 peptigel also evidence that a peptide with a very high 
modulus and charge prevent the development of the PANC-1 cells. Thence, in theory, if the 
Alpha 2 peptigel presented a lower storage modulus and charge, the images would show not 
only a much higher cell adhesion but also a higher number of live cells.  

Other studies using hydrogels, have suggested different results from the experiments 
performed in this study. For example, Kumar et al. has reported that peptide hydrogels with low 
charge and storage modulus (like Alpha 3) as well as with high charge and storage modulus (like 
Alpha 5) can support the adhesion, proliferation and typical in vivo morphology of mouse oe-
sophageal epithelial cells (mOECs). These hydrogels were also proved to support the 3D homog-
enous distribution of viable rat oesophageal stromal fibroblasts (rOSFs) (Kumar et al., 2017). 

Figure 4.14: Visualization of PANC-1 cells after a 3-weeks’ 
culture in DMEM with fluorescence Live (green, Calcein-

AM) and Dead (red, Ethidium Homodimer-1) viability 
assays 
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Furthermore, Mujeeb et al. studied how the chondrocytes culture was affected when cultured 
in a peptide with similar characteristics to the Alpha 1 peptigel and saw that the first one could 
encapsulate chondrocytes, maintaining the cell viability and proliferation for up to 35 days in 
vitro without the use of growth factors. The deposition of CLG type II was also observed along 
with the increment of the gel’s stiffness (Mujeeb et al., 2013). These findings therefore empha-
size the fact that different hydrogel’s properties lead to different cell morphology, ECM deposi-
tion and proliferation outcomes. Due to the reported range of values seen for the gels’ stiffness, 
water content, charge, pH etc., each system ends up offering specific microenvironment prop-
erties that enhance the growth of certain types of cells that would not develop if cultured under 
different systems’ conditions. 
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4.4.2 Long-term Culture in a 3D CLG Scaffold System  
The second system selected to study the PANC-1 cells’ growth, consisted in 4 jellyfish 

CLG coated 3D scaffolds that were cultured for 3 weeks along with the cancer cells (Passage 18). 
From the Live/Dead Cell Assays image’s analysis (Figure 4.16) it was seen that the CLG presented 
in the scaffolds provided a proper 
environment for the cells to grow and 
migrate, therefore enhancing their 
cellular performance. The formation of 
large cellular masses is observed as well 
as the maintenance of the cells’ in vivo 
morphology and responsiveness. Since 
the scaffolds are also characterized of a 
porous network within the sponge 
(similar to the PU scaffolds), they allow 
an efficient nutrient uptake and a better 
cell attachment (Jellagen - Marine 
Biotechnologies, 2019). Similar findings 
have also suggested the need to 
incorporate this ECM protein when 
mimicking the tumour niches as it is the 
case of Puls et al. who embedded PANC-
1 cells in a 3D Matrigel made of CLG I and 
showed the growth on this cell line as 
tight clusters with the expression of both 
E-cadherin and vimentin proteins as well 
as the visualisation of a rounded cell 
morphology. It was also revealed the 
higher resistance of the PANC-1 cell line 
to treatment with GEM than in 2D 
cultures and in lower fibril density 
systems (Puls et al., 2017). In addition, 
previous work regarding experiments of 
the PANC-1 cell culture in PU scaffolds 
with the presence of CLG I, showed 
significant differences in the cell viability 
measurements along 28 days in culture. 
At day 14 a significant higher cell proliferation was seen in scaffolds containing CLG as well as in 
the last day of culture (Appendix D). With these results, it is proposed that not only the presence 
of FN in polymeric scaffolds is important to enhance the cell-cell and cell-ECM interactions as 
well as the consequent cell proliferation. CLG has also proved to recapitulate the cell behaviour 
from in vivo tumoural microenvironments and to contribute to high cell density values. 

 
 
 
 
 
 
 
 
 

Figure 4.16: (a-b) Visualization of PANC-1 cells in the 
CLG coated scaffolds with fluorescence Live (green, 

Calcein-AM) and Dead (red, Ethidium Homodimer-1) 
viability assays 

a 

b 
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5 Conclusions and Future Work 

The main goal of this work was to design a dynamic perfusion system capable of support 
the long-term growth of pancreatic cancer cells, functional performances and therapy screening 
in a mechanically-robust 3D model. All the conclusions taken out from this study are stated 
below. 

5.1 Conclusions 

Preliminary tests showed that the perfusion bioreactor was able to culture the PANC-1 
cells in PU scaffolds and make the cells achieve their highest metabolic viability at a flow rate of 
3.5ml/min. This finding was further supported by the visualization of microscopy images where 
the cell’s distribution along the scaffold layer was able to be compared with other flow rates’ 
and static culture’s images. These evidences proved that using a perfusion system not only 
increases the cell viability in culture but also enables the migration of the cells throughout the 
tissue’s overall area which in static culture is more difficult to achieve since the cells are mainly 
distributed at the edges of the scaffold.  

After a long-term culture experiment both in a dynamic and static system, comparable 
results between the alamarBlue assays showed a significant increase of the cell viability after 2 
weeks in culture in perfusion and at the end of the 4 weeks when comparing to the static system. 
The cells were able to proliferate much faster in the bioreactor than in the well plates, thus 
suggesting the efficacy towards cell culture when subjecting them to perfusion. 

With the addition of GEM, for chemotherapeutic treatment, both the results regarding 
Live/Dead Cell and Caspase3/7 Cell Assays showed that the resistance of cells to treatment is 
significantly enhanced in the perfusion system. At day 7 of culture, after adding the 
chemotherapeutic agent, the static system revealed about 24% less live cells than the dynamic 
one. In addition, the number of apoptotic cells at day 7 in the dynamic system was lower than 
in static with about 20% difference. However, to have a proper comparison between the 
decrease of the cell viability in the perfusion system after adding the GEM, with a system where 
the drug was not added, it is necessary to perform a control experiment in future studies for the 
dynamic culture. It would also be relevant to take into attention the concentration of drug added 
into both the systems since the number of viable cells in the dynamic culture is much higher 
than in the static one after a 4 weeks’ period.  
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Seeking new possible materials and biological factors for the co-culture of PANC-1 cells 
also reveals to be mandatory since the PDAC tumour is constituted by several types of cells that 
differ biologically and functionally between each other. Therefore, each cell has different 
physiological properties that cause them to adapt differently to biomaterials synthetized to 
make them grow and attach in in vitro cultures. Different biochemical cues, (ECM proteins, 
peptides) could also be used to modify the surface of the scaffold in order to enhance other 
cells’ biological performances. 

Summing up, engineering for the first time a 3D in vitro perfusion system for PDAC 
studies resulted in a versatile system capable of a higher long-term cell proliferation than 
traditional studies (2D) that lead not only to higher cell viability outcomes but also to closer 
recapitulations of a real tumoural tissue. This platform also proved to be efficient for drug and 
test screening.  

5.2 Future Work 

As part of the future work, several experiments will be focused in mimicking the complex 
tumoural microenvironment with the co-culture of different cell types seen in the PDAC tissue 
(PSCs, fibroblasts, endothelial cells, etc). This approach will be capable of recreating the different 
cell-type interactions seen in in vivo studies and the first experiences will focus in 3D static 
cultures, shifting later to a 3D dynamic culture in the perfusion bioreactor. 

Furthermore, it will be also necessary to optimize the scaffolds’ structural and 
physicochemical properties to access and optimize the culture of other cell types. This might not 
only be required for culturing other cells but also to study other types of malignancies. 
Therefore, customizing the biochemical, biological and mechanical characteristics of the scaffold 
must be considered. For the ovarian cancer for example, which is one of the malignancies that 
is currently being looked for future studies, the decrease of the scaffold’s stiffness turns up being 
important since the disease has its origins in the ovaries, which are known to be a very soft 
tissue, when comparing to the pancreatic one.   
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6 Appendix 

6.1 Appendix A 

6.1.1 Lab Compounds’ Definition  

6.1.1.1 Dulbecco’s Modified Eagle Medium (DMEM) 

DMEM is the most broadly suitable medium for a wide range of adherent cell 
phenotypes (Sigma-Aldrich, 2019). Many composition modifications of Eagle’s medium have 
been developed since the original formulation appeared in the literature. The Dulbecco’s 
modification contains a four-fold higher concentration of  amino acids and vitamins as well as 
additional supplementary components regarding the first one (Sigma-Aldrich, 2019). 

6.1.1.2 Fetal Buvine Serum (FBS) 

FBS is the most widely used growth supplement for cell culture media due to its high 
content of embryonic growth promoting factors. It has been shown that when used at 
appropriate concentrations, FBS satisfies specific metabolic requirements for the cell culture 

(Sigma-Aldrich, 2019). 

6.1.1.3 L-glutamine 

L-glutamine is an unstable essential amino acid required in cell culture media 
formulations. Glutamine supports the growth of cells that have high energy demands and 
synthesize large amounts of proteins and nucleic acids.  (Sigma-Aldrich, 2019) L-glutamine is 
supplied in both liquid and powdered forms (Thermo Fisher Scientific, 2019). 

6.1.1.4 Penicillin-Streptomycin Solution (Pen Strep) 

The Penicillin-Streptomycin Solution is the most commonly used antibiotic solution 
when culturing mammalian cells. It is required to supplement cell culture media to control any 
bacterial contamination. With the presence of this antibiotic, the sterile conditions are 
maintained during cell culture (Sigma-Aldrich, 2019). 
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6.1.1.5 Phosphate Buffered Saline Solution (PBS) 

PBS is a buffer that consists in a salty solution containing sodium chloride, sodium 
phosphate and potassium chloride and potassium phosphate. The solution’s buffer helps to 
maintain a constant pH and its osmolarity and ion concentrations usually match the ones in the 
human body. This is why PBS is so commonly used in biological research (Online, 2016). . 

6.1.1.6 Trypsin-EDTA Solution 

Trypsin is a member of serine protease family that act as a proteolytic enzyme used to 
detach cells from an adherent substrate. It is necessary to have into account the long-term 
incubation with high trypsin concentration since it might damage cells by striping their cell 
surface proteins. Trypsin can be employed with various constituents and concentrations, EDTA 
(disodium ethylenediaminetetraacetic acid), for example, is one of them. It works by chelating 
the divalent cations (Ca2+, Mg2+), weakening this way the cell-cell and cell-matrix interactions 
that are determined by adhesion molecules in the presence of calcium (Sigma-Aldrich, 2019).  

6.1.1.7 Trypan Blue Solution  

Trypan Blue is a stain used to quantify live cells by labelling only the dead ones. This 
happens due to the fact the stain cannot penetrate the intact cell membrane of live cells. In the 
dead cells however, the situation is different since the trypan can pass through the membrane 
layer entering consequently in the cell’s cytoplasm. This is why under light microscopy only dead 
cells have a blue colour (Fang et al., 2012). 

6.1.1.8 Dimethyl Sulfoxide (DMSO) 

Dimethyl Sulfoxide is a highly polar organic reagent with the formula (CH3)2SO, that has 
exceptional solvent properties for organic and inorganic chemicals (Sigma-Aldrich, 2019). This 
reagent also super cools easily and melts slowly at room temperature (Sigma-Aldrich, 2019). 

6.2 Appendix B 

6.2.1 Lab Equipments’ Definition  

6.2.1.1 Water Bath 

The Water Bath is a laboratory device used to heat samples in the lab. This heating unit 
consists in a stainless-steel chamber that holds the water and samples and a control interface. 
Different types of these kind of devices range from Circulating Water Baths that keep a more 
even temperature or Shaking Water Baths that keep the samples in motion while they are being 
heated. The Water Baths are usually working at 36˚C (Labcompare, 2019). 

6.2.1.2 Biological Safety Cabinet  

The Laminar Flow Cabinet is a containment device that act as a primary barrier to protect 
the material within the hood from several contamination sources, the laboratory worker and 
the laboratory environment from exposure to infectious or other hazardous materials. Summing 
up, the biological safety cabinets provide a clean and safe environment for both the worker and 
the specimen in study. There are different types of laminar flow cabinets and the ones usually 
used for cell culture laboratories are the called Vertical Biosafety Cabinets (Class II) 
(ScienceDirect, 2012). 
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6.2.1.3 CO2 Incubator  

 A CO2 Incubator is an equipment designed to allow the development and survival of cell 
cultures. The mechanism beyond this effect consists in creating an atmosphere that matches 
the cell culture requirements concerning the temperature, the humidity and the CO2 
concentration. The interior of the CO2 incubator is completely sealed off from the environment 
to ensure the atmosphere inside cannot be affected by external factors and that the samples 
grow in a safety way.  The CO2 incubators are usually working at 37˚C, with a 95% relative 
humidity and a 5 vol.% of CO2 in the fields of immunology and tumour biology (Binder, 2015). 

6.2.1.4 Phase-Contrast Microscope 

The Phase Contrast Microscope has a contrast enhancing optical technique that 
produces high-contrast images of transparent specimens such as living cells in culture, 
microorganisms, cellular organelles such as the nuclei, thin tissue slices, fibers etc. One of the 
major advantages of the phase contrast microscopy is that living cells can be examined in their 
natural state without previously being killed, fixed or stained. As a result the ongoing biological 
processes can be observed and live recorded (MicroscopyU, n.d.). 

6.2.1.5 Microplate Reader  

The Microplate Reader is an instrument that can measure absorbance, fluorescence and 
luminescence. It can quantify protein, gene expression and various metabolic processes such as 
reactive oxygen species and calcium flux. Multiwell plates are integral to the microplate reader 
and allow for many experiments to be performed at once (JoVE Science Education Databse, 
2019).  

6.2.1.6 Confocal Microscope  

The Confocal Microscope uses fluorescence optics that instead of illuminating the whole 
sample at once, focus onto a defined spot at a specific depth within the sample. This leads to 
the emission of fluorescent light at the exact chosen point. In addition, 3D objects can be 
visualized by scanning several optical planes and stacking them using a deconvolution software 
(z-stack). It is also possible to analyse multicolour immunofluorescence stainings using confocal 
microscopes that include several lasers and emission/excitation filters (ibidi, 2019). 

6.3 Appendix C  

The figure below shows phase-contrast microscopy images of the PANC-1 cells in the 
surface of the PU scaffolds, 24 hours after seeding.  

 

 

 

 

 

 

 

Figure 6.1: (a-b) Phase-contrast microscopy images of the PANC-1 cell line 
 in the PU scaffolds’ surface 

a b 
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6.4 Appendix D 

 

Figure 6.2: Growth of PANC-1 cancer cell lines in coated and uncoated PU 
scaffolds for 28 days in static culture. Data are presented as mean ± SEM (N=2, 

N=4). Statistical differences for the cell growth are marked by asterisks (*p<0.05; 
**p<0.0018). N = number of independent experiments; n = number of replicas. 


