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Abstract

Prostate cancer is the most common cancer among men. Leading to approximately 10,000
deaths in the UK each year. Different models have been used to study this disease such
as animal models, 2D and 3D in wvitro models. These modelsall have their own limitations.
The limitations of these models strongly compromise our understanding of important cellular
mechanisms underpinning prostate cancer initiation and progression. This study uses tissue
engineering approaches to design a 3D model capable of mimicking the tumour environment.
Peptide hydrogels (alphal, alpha2 and alpha2*) were used to engineer the ExtraCellular
Matrix (ECM) in which prostate cancer cell lines (PC3, PNT2 and LNCaP) are encapsulated.
The culture media were found to have a significant effect on the mechanical properties of the
hydrogel; however, they have no impact on their viscosity. A number of biological tests are
used to assess the encapsulated cells in which the viability of the cells and their ability to
proliferate are assessed. The constructs built with alphal hydrogel were printed accurately,
but the cells were not viable on it. Alpha2 was found to work as a better ECM for all the
cell lines but accurate constructs shapes were impossible to be printed successfully. Alpha2*,
on the other hand, was printed in more precise shapes than alpha2. The viability of PC3 and
PNT?2 cells was high on alpha2*; however, LNCaP cells shows a variation of their viability
which confirmed by the metabolic activity test. The cell-laden constructs generated using
alpha2* hydrogel were successfully embedded in paraffin and cut. The sections were stained
with H&E, and five different antibodies were used to check the protein expression of the
seeded and printed cells. Seeded and printed cells were found to express the same proteins.
FTIR imaging is used to analyse the printed constructs. The hydrogel consists of amino acids,
and hence it has the same absorption peaks as the cells which complicates the separation of
the cells from the hydrogel. Multivariate Curve Resolution (MCR) was used to separate the

signals of the cell, but further development of this methodology is required.
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Introduction

1.1 Project overview

Cancer is a disease caused by abnormal cell division in an uncontrolled manner. The change
in cancer cells character causes the cells not to respond to or not to be affected by normal
controls such as growth factors (Burnet, 1957). Prostate cancer is the most common cancer
among men, with high death rates of 3.8% in 2018 (Rawla, 2019). Different models (in-
vivo and in-vitro) are used for prostate cancer studies in which the biological process and
structures are investigated and novel drug therapies are developed. Animal models such as
dogs, primates, Genetically Engineered Mouse models (GEM), xenograft models and rats
have been used to study prostate cancer (Ellem et al. (2014); Ittmann et al. (2013)). The
limitations of these models arise from the high cost and long latency time in dogs, primates and
GEM, while the lesions used in xenografts are from aggressive cancers and are not applicable
to the early-stage ones. Additionally, the subcutaneous location of the cells in the host
affects the tumour and it is subjected to change if the immune system is abnormal (Ittmann
et al., 2013). The simplicity and reproducibility of 2D models mean that they are widely used;
however, the absence of the microenvironment leads to the lack of cellular interactions between
cancer cells and the surrounding cells (Ellem et al. (2014); Ittmann et al. (2013)). Co-culture
models in which prostate cancer cells are cultured with stromal cells have been proposed
to overcome the limitations of 2D cellular models, but their lack of basic heterogeneity
and the tertiary structure of the prostate tumours still hinders their application in prostate
cancer research (Azeem et al. (2017); Ellem et al. (2014)). Different 3D models, including
spheroids and organoids, were created to mimic the tumour microenvironment and enable
prostate cancer cellular interactions. These models, though, are time-consuming and have an
uneven distribution of cells with the lack of prostate heterogeneity (Ellem et al., 2014). The

benefits shown by Tissue Engineering (TE) strategies in generating reproducible tissue/organ
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analogues for regeneration and disease modelling purposes has opened new avenues in prostate
cancer research. Through the combination of automated manufacturing technologies (e.g.
3D bioprinting) with advanced biomaterials (e.g. hydrogels), it is now possible to generate
highly accurate and reproducible 3D structures that can mimic the Extracellular Matrix
(ECM) biomechanical environment and elicit specific cellular responses. Taking advantage
of these recent developments, the present study investigates the 3D bioprinting of hydrogel-
based constructs encapsulated with different prostate cancer cells to mimic the native tumour
microenvironment. The aim is to produce a 3D model that mimics the structure and function
of the prostate cancer microenvironment and propose FTIR imaging as a new tool to validate
the printed constructs. FTIR imaging will be used to find the differences in the IR signals
when the cancer cells are cultured in a 3D environment by themselves and the signals when

cancer cells are cultured with other cells in the same 3D environment.

1.2 Aims of the study

The main aim of this study is to develop the foundations for building a 3D model for prostate
cancer using hydrogels as extracellular matrix. The main vision comes from translating the

prostate microenvironment into a 3D model, as shown in Figure 1.1.

Basal cells

Secretory epithelial
cells

Basal lamina

Autonomic nerve- - Blood vessel
uery

Macrophage

Prostate cancer

Extracellular matrix cells (PC3,
. PNT2, LNCaP)
Reactive stroma
Reactive stroma
Prostatic intraepithelial Theoretical model

Figure 1.1: The prostatic intraepithelial neoplasia that has been used to build a theoretical

model for the prostate model.

Due to the complexity of the native microenvironment, a more basic model will initially
be developed in order to validate the choice of materials and printing processes. As shown in
Figure 1.2, this start-up model will encompass the printing of simple square-shaped constructs
with high shape fidelity and cell viability. For that purpose, hydrogels encapsulated with

prostate cancer cell lines alone will be printed and subsequently assessed for their ability to
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support cellular viability, proliferation and function.

Prostate cancer
cells (PC3,
PNT2, LNCaP)

Figure 1.2: Prostate cancer start-up model used in this study.

Using the start-up model as a working platform, several objectives are set to reach the
model overarching aim of this thesis as follows:

1. Design and production of 3D cell-laden constructs with well defined-geometry and
dimensions.

2. To test the printability of the hydrogel (from Manchester BioGel) that can be used in
building a prostate cancer model

3. To test the viability of the cells after encapsulating them on the hydrogel and printing
them with a bio-printer.

4. To biologically assess the printed construct to evaluate the ability of using them as a
cancer model.

5. To analyse of the printed constructs using FTIR imaging and developing of a new

algorithm in MATLAB for enhanced spectra analysis

1.3 Thesis Structure

This thesis is divided into seven chapters added to this introductory chapter. Chapter 2
is the background and theory in which the most up to date literature on prostate cancer,
tissue engineering and Fourier-Transform Infrared (FTIR) imaging technique is reviewed and
discussed. The third chapter (chapter 3) is the methodology, where all the used experimental
methods are discussed. The fourth chapter (chapter 4) is the first experimental chapter.
The chapter discusses the mechanical properties of the different hydrogels used and the
optimisation of the printing parameters for this project. The fifth chapter (chapter 5) has the
start of the biological assessments of the printed constructs containing the hydrogel with

cells encapsulated. These tests include live/dead viability test and a metabolic activity
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test. The biological assessments continue in chapter 6 and it demonstrates the histological
part, including Haematoxylin and Eosin (H&E) staining and phenotype expression using
Immunohistochemistry (IHC). The seventh chapter (chapter 7) discusses the use of FTIR
imaging on the analysis of the build constructs. The final chapter (chapter 8) contains the
conclusion of the thesis and the suggested future work that can be done as a continuation of

this study.
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Background and Theory

2.1 Cancer

Cancer is a disease caused by abnormal cell division of newly formed cells in an uncontrolled
way. It can be inherited through the carrier’s germlines in which a faulty gene is inherited
and the risk of the development of specific cancer is increasing. On the other hand, cancer can
be caused by chemical, physical and biological agents in the environment called "sporadic"
(Sonnenschein and Soto, 2008). The cause of cancer is the change in the character of the
cells, which makes them not to respond or not to be affected by the normal controls such as
growth capacity, which the normal cells have once the appropriate nutrients are provided to
them. In addition, morphological and functional conditions in normal cells are appropriate
to the organism’s needs in a lifetime, while this is not happening with cancer cells (Burnet,
1957). It is estimated that globally about 18 million new cases of cancer were found in 2018,
taking into account all cancers and all ages. Cancer is the second driving reason for death
worldwide with 9.6 million estimated death in 2018, which means almost one in six death is

because of cancer (WHO, 2018).

2.1.1 Theories of cancer origin

Different theories have been proposed to explain how cancer initiates in the human body. Some
of the early proposed theories are: Hippocrates (humoral theory), which can be explained
by the imbalance of the body hormones (body fluids), including blood, black bile, yellow
pile and phlegm. Another theory is the lymph theory, which states that cancer is caused
by lymph fermentation and degeneration (Sonnenschein and Soto, 2008). Blastema theory
shows that cancer is caused by cells (that are not normal) instead of lymph. It was thought
that these cells were creating budding element (blastemal) between normal tissues. With

the development of science, each theory was disproved and new ones appeared. Different
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theories were proposed in the 19*" century explaining the cancer origin after the failure of
the previous theories. The chronic irritation theory was presented by Rudolf Virchowstating,
which suggested that cancer was caused by irritations in the tissue and trauma theory was
given by Hugo Ribbert (Neubauer (1956) ; Sonnenschein and Soto (2008)). It states, as the
name shows, cancer is caused by trauma, even though showing that injuries can cause cancer
in animals was disproven. More recently, different scientists have shown that cancer is related
to infections caused by protozoa, fungi, yeasts and bacteria. Trophoblast theory was proposed
by John Beard after noticing that cancer cells have similar properties to placental cells. The
theory shows that the trophoblastic cells in the placenta can turn into cancerous cells in
case of any expression of them in the wrong place in the body and/or wrong time (Gurchot,
1975). Subsequent theories were established on the basis of genetic and epigenetic studies.
The physio-mitotic theory states that cancer can develop under physiological conditions
in systematically organised tissues. It involves the mitotic mechanisms of maturation and
duplication. The limitation of this theory is the inability to explain the complicated nature of
cancer at the cellular or tissue level (Soto and Sonnenschein (2004) ; Soto and Sonnenschein
(2011).  Two main theories were proposed to understand the forces that drive sporadic
cancer and give a framework that helps to find new therapies: the Somatic Mutation Theory
(SMT) and the Tissue Organization Field Theory (TOFT). The importance of these theories
come from their ability to fit the biological data and bring forward new therapies (Soto and
Sonnenschein, 2011). The somatic mutation theory has been the main theory in cancer during
the 20th century. According to this theory, cancer takes place at the cellular and subcellular
level due to multiple successive DNA mutations. The mutations take place in genes that
are controlling the cell proliferation and cell cycle (Sonnenschein and Soto (2008) ;Soto and
Sonnenschein (2004)). SMT also states that quiescence is the default state of cell proliferation
(Soto and Sonnenschein, 2004). This means that the proliferation process has to be stimulated
by “putative oncogenes, growth factors, or their receptors” (Sonnenschein and Soto, 2010)
in order to occur. However, proliferation is known to be the default state of procaryotes,
unicellular eucaryotes, and plant cells (Sonnenschein and Soto, 2010). Thus, to overcome the
problems associated with the SMT, another theory was proposed; Tissue organization field
theory. It states that proliferation is the default state of the cells (Sonnenschein and Soto
(2008) ; Sonnenschein and Soto (2010) ; Soto and Sonnenschein (2004). However, cells will not
proliferate if they are isolated unless they are exposed to a mitogen (Soto and Sonnenschein,
2011). The TOFT also states that cancer originates from changes in tissue architecture rather
than mutations in genes (Sonnenschein and Soto (2008); Sonnenschein and Soto (2010); Soto
and Sonnenschein (2004); Soto and Sonnenschein (2011)). This means that if any mutation
is found in the DNA sequencing, then it should be random and not in all cancerous cells

(Soto and Sonnenschein, 2011). Other theories that were proposed are extragenetic somatic
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heredity in which a protooncogenic defect causes cancer, the modified classic theory of cancer,
where cancer is caused by the DNA alteration that leads to changes in the structure of the
proteins. Also, the aneuploidy and pananeuploidy theories in which cancer caused by the
aneuploidy cells and the cancer stem cell theory where genetic alterations found in stem cells
caused cancer. Additionally, the multistage manner of cancer development in which different
mutation in the same population lead to the initiation of cancer (Paduch, 2015). Despite
having common features, none of the proposed theories so far has been able to explain and
answer every single point related to cancer initiation and progression. Therefore, the need
to develop new models with greater physiological relevance for the in vitro study of cancer-

associated mechanisms and therapy testing is more pressing than ever (Paduch, 2015).

2.2 Prostate Cancer

2.2.1 The prostate gland

The prostate gland is considered to be the largest male accessory in the reproductive system.
It is a walnut-size and shape with about 3 ¢cm long and 4 ¢cm wide and 2 ecm depth (Moore
et al., 2014). Tt is located underneath the bladder and surrounds the upper part of the urethra
(a small tube that transmits urine from the bladder to the penis) as shown in Figure 2.1. It
contains different glandular and non-glandular regions surrounded by a fibrous capsule (Amin
and Khalid (2011) 5 Lee et al. (2011) ;Moore et al. (2014)). The glandular region is almost

two-thirds of the prostate and one-third is fibromuscular (Moore et al., 2014).
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Figure 2.1: The location of the prostate gland underneath the bladder and the zonal anatomy
of the prostate showing the fibromuscular stroma, central zone, peripheral zone, seminal

vesicle, and transition zone. Adapted from (McLaughlin et al., 2005).

The prostate is divided into four different zones shown in Figure 2.1; the Peripheral
Zone (PZ), the Central Zone (CZ), the Transitional Zone (TZ) and the periurethral zone
or Fibromuscular stroma. Each zone has different histological and architectural features. The
peripheral zone makes up 70% of the prostate glandular part. The wedge-shaped central zone
is surrounded by the peripheral zone in its top part. It makes up to 25% of the prostate
glandular part and surrounds the ejaculatory ducts. Studies show that this zone is quite
resistant to some diseases such as carcinoma. The transitional zone consists of glandular tissue
in a fibromuscular constituent of a periprostatic sphincter. Clinically, this zone is important
since it grows with age and is a common site where prostatic benign hyperplasia starts. The
last zone is the Periurethral zone and it is the only non-glandular zone among the four zones.
It consists of small ducts and non-completely developed acini, which are spread along the
proximal urethral segment. Fibromuscular stroma covers the front surface of the prostate
and hides the surface of three glandular regions )Amin and Khalid (2011) ;McLaughlin et al.
(2005)). In addition to the four zones, the anterior fibromuscular stroma is found within
the prostate. It is a fibromuscular tissue located adjacent to both the bladder muscle and
the external sphincter (McLaughlin et al., 2005). The main function of the prostate is to
produce alkaline, thin milky fluid rich in enzymes and prostaglandins. This fluid, together
with secretions produced by the testes, seminal glands, prostate, and bulbourethral glands

makes up the semen (Moore et al., 2014).

25



2.2.1.1 Carcinoma of Prostate

Prostate cancer is the second most common cancer among men and it is the sixth cancer-
causing death worldwide. In 2018, over 1.2 million new cases were estimated with more than
300,000 deaths (Culp et al. (2020);Schlag et al. (2013)). Different cases appear with this type
of cancer; some men have the malignancy growing slowly with no progression resulting in
no serious illness, while others progress with ageing and become aggressive forms of cancer
(Schlag et al., 2013). Studies show that prostate cancer increases with age, with high incidence
in men above 65 years, totalling 85% of the cases. However, men under 50 years have a low
overall rate with less than 0.1% of the cases (Pienta and Esper, 1993). Other risk factors
include race, environmental and genetic factors. Environmental factors such as smoking,
alcohol consumption, ionizing radiation, ultraviolet light, low physical activity and dietary
factors are found to be associated with the increased risk of prostate cancer. In addition, men

with affected relatives are more likely to be at high risk of prostate cancer (Culp et al.; 2020).

2.3 The Effect of Tumour Microenvironment in the Behaviour

of Cancer Cells

2.3.0.1 Reactive Stroma in Carcinogenesis and cancer-associated fibroblasts

Epithelial and stromal compartments within a normal prostate tissue coexist in harmony. The
epithelium consists of secretive epithelial cells with junctional composite, basal cells layer and
neuroendocrine cells, each connected to the basal lamina. Opposite to the basal lamina, the
fibromuscular stroma is found (Barron and Rowley, 2012). Different cell types are found in
the stromal microenvironment such as fibroblasts, Smooth Muscle Cells (SMC), immune and

inflammatory cells, lipocytes and endothelial cells (Beacham and Cukierman, 2005) (Figure

2.2).

Neuroendocrine cells

Secretory epithelial cell

Basal lamina

Figure 2.2: Cellular components of the human prostate gland. Adapted from (Barron and

Rowley, 2012).
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Comparing the normal stromal microenvironment with the one in human prostate cancer,
it is possible to visualise that the stromal microenvironment in prostate cancer has the
same features as in a wound repair stroma. These features include elevated stromal cell
proliferation, altered expression of matrix components, neovascularisation, and expression of
several common stromal markers, which are similar to the inflammatory conditions changes
of the prostate (Barron and Rowley (2012); Rowley (1999)). The reactive stroma consists
of myofibroblasts and fibroblasts, which produces extracellular matrix components rich in
collagen fibres and are found between the acini. It appears that the reactive stroma is starting
in Prostatic Intraepithelial Neoplasia (PIN) and grows as the cancer progress until the effective
displacement of normal fibromuscular stroma Barron and Rowley (2012); San Francisco et al.
(2004); Tuxhorn et al. (2002))(Figure 2.3). The reactive stroma causes prostate cancer to
be androgen-sensitive and changes the prostate epithelial cell’s phenotype to a tumorigenic
phenotype (Morrissey and Vessella, 2007). The term “Carcinoma-Associated Fibroblasts”
(CAFs) is used to describe prostatic tumour stromal cells. The appearance of CAFs is

associated with progressive loss of smooth muscle cells (Cunha et al., 2003).

Prostatic intraepithelial

Normal Prostate neoplasia Prostate cancer

Reactive stroma induction

Reactive stroma coevolution
with cancer progresion

Figure 2.3: Normal Prostate gland and reactive stroma formation in cancer. Adapted from

(Barron and Rowley, 2012).

2.3.0.2 Role of CAF in Cancer Initiation & Progression

Studies show that in prostate cancer, cells proliferation and prostatic epithelial cells initiation
were found to be affected by CAFs. However, this effect was not seen with the normal
fibroblasts. Additionally, at the metastatic site, myofibroblasts encourage the cancer cells

proliferation, which looks the same as the tumour promoting behaviour in the main tumour
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(Barron and Rowley, 2012). Additional studies show that the combination of non-tumorigenic
prostate epithelial cells (from Benign Prostatic Hyperplasia (BPH)) with cancer-derived CAFs
cause transformation of the epithelial cells and promote the formation of cancer (Barron and
Rowley, 2012). Other studies have shown that in the tumour microenvironment, TGF-b
signalling in stroma is lost and Wnt3a signalling is stimulated. This inductive nature causes
the expression of the genes, which are regulated by TGF-b such as FGF2, CTGF, and SDF1 to
be changed and so the gene expression of CAFs is different from the normal fibroblasts (Barron
and Rowley (2012); Eriksson et al. (2006)). CAFs were found to simulate the progression of
prostate tumour of initiated epithelial cells in both; in vivo tissue recombination and in vitro
co-culture. The histology of the epithelial population is altered and its growth enhanced
by CAFs. However, the growth of normal human prostatic epithelial cells was not affected
by CAFs (Olumi et al., 1999). Barclay, Woodruff, Hall, & Cramer have used the tissue
recombination method to compare stromal cells from the normal peripheral zone, benign
prostatic hyperplasia (BPH-S) and cancer to induce the growth of a human prostatic epithelial
cell line (BPH-1) in vivo. No visible grafts were found with stromal cells alone, BPH-1
epithelial cells alone and with the combination of stromal cells from the normal peripheral
zone with BPH-1 cells. On the other hand, a well-organized and sharp small graft was seen
when combining BPH-S with BPH-1, while combining cancer stromal cells with BPH-1 cells
produced a graft that is very disorganized (Barclay et al., 2005).

2.3.1 Reactive Stroma in Cancer Diagnosis & Prognostication

According to the study performed by Davor Tomas and Bozo Kruslin, the reactive stroma
can be used for prostate cancer diagnosis. The myofibroblasts and fibroblasts, which are
the reactive stroma components, can be shown using Mallory trichrome method (Tomas and
Kruslin, 2004). The Mallory trichrome method is a staining method that combines three
different stains (acid fuchsine followed by a solution containing phosphotungstic PTA, orange
G and aniline blue) and originates from the modification of Masson’s trichrome stain. The
study compared the adjacent peritumoral tissue and reactive stroma in prostatic hyperplasia
(Stain (2012); Tomas and Kruslin (2004)). Reactive stroma was found to show an increase
in the expression of vimentin protein and a decrease in the expression of desmin protein
(Tomas and Kruslin, 2004). Other studies showed that the proliferation of cancer cells at
the metastatic sites is promoted by the activated fibroblasts. A variant of CAFs might be
presented by these metastasis-associated fibroblasts (IKalluri and Zeisberg, 2006). Additional
studies show that the elements of the reactive stroma can be used as prognostic indicators
of prostate cancer. The reactive stroma volume can be used as an important factor for the
prediction of disease-free survival (Ayala et al., 2003). In addition, androgen receptor staining

was found to have an inversely proportional relationship with Gleason score and metastasis,
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and directly proportional relationship with the cancer-specific survival, staining in stromal
smooth muscle cells and the density of smooth muscle cells in the tumour stroma (Wikstrom
et al., 2009). Also, the expression of the marker of mesenchymal stem cells, CD90, is found to
be higher in prostate cancer stroma compared to the normal tissue (Zhao and Peehl, 2009).
Moreover, the response to chemotherapy and radiotherapy is affected by the presence of CAFs

in cancerous tissue (Ostman and Augsten, 2009).

2.3.2 Histopathological Assessment of Normal and Reactive Stroma

The most common method used in histopathology to distinguish between the normal and
reactive stroma is the trichrome stain, such as Masson’s and Mallory’s trichrome staining
(Tomas and Kruslin (2004); Tuxhorn et al. (2002)). Myofibroblasts and fibroblasts are
the main components of the reactive stroma and were shown by Mallory trichrome method
and confirmed by immunohistochemistry (Tomas and Kruslin, 2004). Immunohistochemistry
technique used the interactions between the target antigens with specific antibodies to identify
the reactive stroma components. The classification of fibroblast, myofibroblast and smooth
muscle cell phenotypes is done according to the immunostaining of cells’ differentiation
markers. For example, the fibroblast phenotype can be indicated using vimentin expression
when no smooth muscle markers are added. However, the myofibroblast phenotype is indicated
by the co-expression of vimentin and sm a-actin with no calponin expression (Tuxhorn et al.,

2002).

2.4 Diagnosis of prostate cancer

2.4.1 Presentation and Screening

Prostate carcinoma causes the appearance of metastases in different parts of the body, such
as lymph nodes, bones, lung, and liver (Bubendorf et al., 2000). Most prostate carcinoma
patients are diagnosed without the appearance of regular symptoms such as pain in the lower
back, hematuria and urination difficulties. Screening is a test that helps to find out whether
the person has cancer or not, especially for people who have no regular symptoms instead of
waiting for the symptoms to appear. Early detection of cancer can help in extending life by
treating it when it is still small and not yet spread. The prostate gland produces a protein
called Prostate Specific Antigen (PSA) and the level of the antigen in the body is checked for
prostate cancer. PSA can be found in the blood unbonded and called free PSA or binding
to “serum protease inhibitor al-antichymotrypsin (ACT)” and called complex PSA. Total
PSA has been used as an indicator for the presence of cancer in the prostate gland. Most
of the asymptomatic patients found to have irregular prostate specific antigen (PSA) levels

(Bubendorf et al. (2000); Rong et al. (2019)). Healthy men have levels in the range of 2.5
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— 4 ng/ mL in the blood. After the application of the PSA test, it has been found that the
detected cases, which have prostate cancer in an advanced stage have become less with time
(Berger et al. (2007); Bryant and Hamdy (2008); Michalski et al. (2016).

Several limitations are found on using the PSA test, such as unnecessary biopsies in cases
where the risk of cancer is low. Additionally, The PSA is not only expressed by the cancer
cells but also by the prostate that having other diseases than cancer, such as benign prostatic
hyperplasia and prostatitis. Also, the patients’ life quality is affected by the over-treatment
and it is not possible to indicate the stage of cancer and whether it is slow or fast-growing
using PSA test (Abrahamsson and Tinzl (2008); Miller et al. (2007) ; Rong et al. (2019); UK
National Screening Committee (2015)). As per the UK National Screening Committee, the
PSA test is poor and a test with better specificity and sensitivity is needed (UK National
Screening Committee, 2015). In the United States, however the PSA test is one of the
screening tests used for prostate cancer detection (Loch and Catalona, 2007). The free PSA-
to-total PSA ratio is known as per cent free PSA, Which has been used to help avoid taking
unneeded biopsies in men with a high level of PSA. Nevertheless, more than half of those
men are still undergoing needless biopsy test (Epstein et al., 2005). According to the ESMO
Clinical Practice Guidelines for diagnosis, treatment and follow-up, the biopsy should not be
taken if only the level of PSA is found to be higher than the normal. Other tests such as
complex and %free PSA values, Digital Rectal Exam (DRE) test, ethnicity, age and history of
the previous biopsy, should be taken into account before the decision of taking biopsy is made
(Parker et al., 2015). Digital Rectal Exam (DRE) is a test where the doctor feels for any
bumps or hard areas in the rectum using his fingers. This is not a precise test due to the lack
of sensitivity and the results vary from one examiner to another regardless of the experience.
It cannot be used to detect cancer in its early stage, so this test is not recommended to be
done in routine cancer detection (Crawford et al. (1996); Michalski et al. (2016); Miller et al.

(2007); Okotie et al. (2007)).

2.4.1.1 Histological Grading & Management

The Gleason grading system is a method used to evaluate the aggressiveness of prostate cancer.
It was created in 1966 by Dr Donald F Gleason and members of the Veterans Administration
Cooperative Urological Research Group. This system is based on the examination of the
patient’s biopsy under the microscope and the pattern of the organisation of the cells. Normal
cells are highly organized, while cancer cells are disorganised. Pathologists used five grade
patterns where grade 1 shows organised cells close to the normal cells and less aggressive
cancer, while grade 5 shows highly disorganised cells and it is the most aggressive cancer, as

shown in Figure 2.4.
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PROSTATIC ADENOCARCINOMA
(Histologic Grades)

D.F.Gleason, M.D.

Figure 2.4: Gleason grades system showing the different grades from 1 — 5 in which 1 less
aggressive and close to normal and 5 is highly aggressive cancer with no differentiation of the

cells (Humphrey, 2004).

The grades are used to generate a Gleason score consisting of the sum of the grade of the
two most common tissue patterns (Epstein et al. (2005); Humphrey (2004). Histopathological
endpoints, such as tumour size, positive surgical margins, and pathological stage (including
the risk of extraprostatic extension and metastasis) are directly related to the increase of
Gleason grade. Gleason grade has to be combined with other factors such as serum total
PSA, % free PSA, local clinical T stage (shown in table 2.1), and the amount of tumour in
needle biopsy in order to get an accurate description of cancer in the patient (Epstein et al.,
2005). Gleason grade shows a correlation between the aggressiveness of cancer, its volume
and extent. Low Gleason grade < 5 is found to have the lowest aggressive behaviour, while
high grades 8 — 10 usually present high aggressive behaviour. The aggressiveness of the
intermediate grades 5 — 7 cannot be predicted and unfortunately, almost 76% of the tumours
are in the intermediate grades. Thus it is difficult to predict how aggressive the cancer is using
histology alone (Aihara M (1994); Isaacs (1997). Putting Gleason score into an application
for several years shows the deficiencies that this system has. Gleason score 7 is classified as
one score without differentiating between 3 + 4 and 4 + 3 although 4 + 3 is a diagnosis for

much worse than 3 + 4. Also, the score 8 is combined with 9 — 10 making them one high
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grade. Additionally, Gleason scores range from 2 — 10; however, the lowest score assigned is
6, giving patients the false assumption that they are in the middle of the scale and they are
in a very serious condition in which the treatment is needed (Epstein (2017); Epstein et al.
(2016); Ham et al. (2017) ; Pierorazio et al. (2013)). A new grading system has been proposed
by Jonathan Epstein and his colleagues from data gathered in Hopkins Hospital. The new
system composed of five grades in which grade 1 is equivalent to Gleason score 6, grade 2
is equivalent to Gleason score 3 + 4 = 7, grade 3 is equivalent to Gleason score 4 + 3 = 7,
grade 4 is equivalent to Gleason score 8 and grade 5 is equivalent to Gleason score 9 — 10.
The new grading system is simpler and more accurate as it solves the problems associated
with the Gleason grading system and has the potentials of reducing the fear, confusion and
overtreatment of the low graded cases is high (Magi-galluzzi et al. (2015); Rong et al. (2019)).
TNM classification (tumour size (T), number of lymph nodes involved (N), and metastasis
(M)) is a management strategy used to stage the tumour and determine how far cancer has
spread (Onoda et al. (2020); Parker et al. (2015)). The categories of Anaplastic Thyroid

Cancer (ATC) are classified using this system. This classification is shown in Table 2.1.
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Table 2.1: TNM Classification of prostate cancer. Adapted from (Parker et al., 2015).

TNM Classification

stage

definition

Tumour is very small. It cannot be seen on scans and is hard to find during the prostate

T1 examination. It might be found by needle biopsy, which has been done due to the
increase in the PSA level.
tumours are totally inside the prostate gland
T2a : Only half of one lobe has a tumour

2 T2b : More than half of one of the lobes has a tumour
T2c : Both lobs have the tumour

4T3 Tumours have spread into the prostate gland capsule without spreading in the
other organs.
T3a : The tumour has spread into the prostate gland capsule
T3b : The tumour reached the seminal vesicles

T4 Tumours have spread to the nearby organs such as the rectum bladder, muscles
or the sides of the pelvic cavity

N Lymph nodes

NX It is not possible to check the lymph nodes

NO No cancer close to the prostate in the lymph nodes.

N1 Cancer is present in lymph nodes

M metastases (cancer spread)

Mo Cancer has not spread outside the pelvis
Mi1la : There is cancer outside the pelvis

M1 M1b : Cancer has reached the bone

Mlc : Cancer spread to other places

Assessment of the general health and co-morbidities of the patient should be done. The

general health of some patients might be poor and they are not suitable for the treatment.

Thus the staging investigations are not required for them (Parker et al., 2015).

2.5 Prostate Cancer Models

2.5.1 Animal models

Different models are used for prostate cancer studies, including biology of the prostate or to

test and develop cancer drugs ((Ellem et al., 2014). Different factors affect the choice of the

animal, which can be used in cancer studies. Origin of the tumour and its latency time along
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with the cost of those animals, are the most important factors. Dogs (Ellem et al. (2014);
[ttmann et al. (2013); LeRoy and Northrup (2009)) and primates (Ellem et al., 2014) are the
first animals used for prostate cancer studies. It has been found that the prostate gland has the
same origin and structure (anatomic and micro anatomic) in both humans and dogs. Prostate
cancer can be developed spontaneously, which is the case of high-grade tumours. Additionally,
bone metastases are developed in dogs (similar to humans), which gives a great opportunity
for studying the progression of cancer and testing therapies (Navone et al.; 1999). However,
the differentiation of the adenocarcinoma was poor in many studies and the carcinoma found
to be indistinguishable. Dogs can still be used as models to study prostate cancer as they share
the same environment with humans (Ittmann et al.; 2013). In general, the use of both dogs
and primates as models to study Prostate Cancer (PCa) is very limited due to the high costs
and long latency time (Ellem et al. (2014); LeRoy and Northrup (2009). Rodents models have
been developed experimentally to study the PCa mechanisms. Genetically engineered mouse
models (GEM) are created to mimic the human PCa allowing the study of PCa initiation and
progression mechanisms as well as testing and developing new therapies. GEM is created by
targeted protein overexpression, loss of function mutations, compound transgenic and knock-
out, and by targeted somatic mutations (Ittmann et al. (2013); Parisotto and Metzger (2013)).
The tumour progression with a time scale from initiation to the invasivity of the disease has
been studied through these models. On the other hand, the biological differences between
those models and human PCa affect the phenotypes of the GEM models. In addition, GEM
models have high costs and long latency time compared to the xenografts models (Ellem et al.
(2014); Tttmann et al. (2013)). Xenograft models also use mice but as host for cancer cells
rather than modifying them genetically. The cells are usually implanted in a nude or severe
immunodeficient mouse. The xenografts are orthotopic models, tissue recombination models,
models made from human prostate cancer tissues which are taken as xenografts and models
made from mouse prostate cancer xenografts (mouse prostate cancer cell lines). Xenografts
models are used in the evaluation of cancer biology and in testing and developing drugs as it is
considered being fast and low cost. However, the cancer cells implanted in the host are derived
from aggressive lesions that give no chance of studying the biology of less aggressive cancer. In
addition, the tumour microenvironment is affected by the subcutaneous location of the cells
in the host (or even in the capsule). Also, it can change if the immune system is abnormal
(Ittmann et al., 2013). Rats are also used as models to study the PCa. Lobund-Wistar rats
are found to develop PCa spontaneously, but bone metastasis has not been seen. These rates
can be treated chemically with N-methyl-N-nitrosourea (MNU) or by adding hormones. After
treatment, the development of PCa was fast and metastases were seen in the lung and lymph
nodes, but not the bones. The effect of the chemicals and nutrition on cancer was studied

through these models. The large size of the prostate in the rats compared to the mouse is one
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of the advantages of using rats as a model to study PCa. However, they share the limitation
of non-human origin causing great limitation on the applicability of the studies results on
human PCa (Azeem et al. (2017); Ellem et al. (2014); Ittmann et al. (2013); Noble (1977);
Pollard (1973); Pollard and Luckert (1986); Shain et al. (1975))

2.5.2 In-vitro Models
2.5.2.1 2D models

In 2D models, cells are grown in cell culture plates, dishes, flasks or tubes. This is used
widely due to the simple cell culturing system. 2D models of prostate cancer are found to
have advantages in getting reproducible results due to the consist response of prostate cancer
cell lines. The availability and simplicity of the prostate cancer cell lines is another positive
factor for these 2D models (Ellem et al., 2014). One of the greatest limitations of the 2D cell
culturing is the absence of the microenvironment, leading to the lack of the cellular interactions
of cancer cells with the cells surrounding them, such as fibroblasts, myofibroblasts, blood
vessels, nerves, immune cells and extracellular matrix. In addition, the receptor expression
signalling is absent so the data interpretation in these models is limited. Another difference
is that the cells proliferation rate in vivo is much slower than the 2D culturing, which might
be due to high serum, abnormal environment (flat hard surface) and the absence of any

proliferation signals from the stromal components (Ellem et al. (2014); Ittmann et al. (2013)).

2.5.2.2 Co-culture systems

Scientists keep looking for systems were the tumour microenvironment or at least part of it,
can be more accurately replicated and provided to cancer cells. This will potentially give a
better idea of the influence that different cells surrounding the tumour have on the initiation
and progression of the disease. On this basis, 2D co-culture (also called 2.5 D culture models)
were created. In these models, the prostate cancer cells are co-cultured with stromal cells in
either monolayer or double layers (Azeem et al. (2017); Ellem et al. (2014)). A study done by
Ashlee K. Clark et el. reports the development of co-culture systems containing different cells
such as stromal fibroblasts, stromal ECM and benign epithelium. The authors examined the
mechanism by which epithelial cells transformed into turmeric cells in the presence of CAFs
and indicated the difference in the phenotype expression when different types of cells are
present. Additionally, they examined the influence of the stroma on epithelial transformation
and tumourigenesis with CAFs, but not Normal Prostate Fibroblast NPFs, inducing discrete
malignant changes in benign epithelial cells. The research of this study compared fibroblasts
in different stages of cancer and showed that CAFs can change the proteins expressed by

BPH-1 in different stages of cancer (Clark et al., 2013).
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2.5.2.3 3D models

The lack of structural complexity and functional organization in 2D models has led
to an increased research for alternative systems capable of mimicking the native PCa
microenvironment. For that purpose, different 3D models have been proposed to overcome
the limitations of the 2D models such as spheroids, organoids, purified ECM and hanging
drops. Spheroids are multicellular aggregates growing in low adhesion conditions. Different
studies took place where prostate cancer cell lines were used in spheroids models. A study
performed by Takagi et al shows great differences between 2D models and spheroids. LNCaP
cells were used and it was found the phenotype expression has changed due to the effect of the
microenvironment, which is missing in 2D models, which gives this model the strength to be
taken further for therapies testing (Takagi et al., 2007). Several studies were found culturing
DU145 prostate cancer cell line as spheroids such as (Connor et al. (1997); O'Connor (1999);
Wang et al. (2011)). The use of spheroids for prostate cancer shows a slower growth rate
with stronger staining for cytoskeletal proteins (O’Connor, 1999). Alternatively, organoids,
which are 3D structures derived from stem cells that develop to form a specific organ cell
type with its genetic stability, can also be used as 3D systems. Drost et al. has designed a
protocol to culture organoids for healthy prostate cells from mouse and human along with
luminal and basal cells. Moreover, prostate cancer organoids were prepared to mimic the
tumour histology. Successful organoids of prostate cancer were also developed by Gao et al.
in which different conditions of genes mutations, fusions and loss with proteins overexpression
were recapitulated (Gao et al., 2014). A purified ECM gel is another model used for the
studies of prostate cancer. In this model, stem cells like are cultured in a purified ECM (e.g.
matrigel and collagen) so that some of the in vivo processes are supported, including the cell-
cell and cell-ECM interactions, phenotype expression and cell polarity. The differentiation of
different types of cells was seen in these models, such as normal /benign prostate epithelial cells
that differentiate into glandular epithelial cells and tumour cells that show disorganised and
defective differentiation (Ellem et al., 2014). Hanging drop is a 3D model composed of cells
placement in drops of culture media hanging in a plate. The assembly of these monodispersed
cells uses gravity enforced microspheres. This found to be working well for different types of
cells and used to assist the resistance of the chemotherapies in cancer models in addition to
the assessment and analysis of the functionality in these models (Ellem et al. (2014); Kelm
and Fussenegger (2004)). These 3D models were used to overcome the limitations found in
2D models. Each model has been used to mimic prostate cancer microenvironment by adding
complexity in order to get a better image of tumour initiation and progression. The main
limitations of all these models are the absence of the basic heterogeneity and the tertiary

structure of the prostate tumours and the high variability and lack of reproducibility (Ellem
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et al., 2014) Ellem et al. show a graph comparing the different layers that each of the models
looks at (shown in Figure 2.5). The complexity of the models increase but still not has reached

the same in the real prostate.
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Figure 2.5: Comparison of the different layers taken in the current in prostate cancer models.
1. is for 2D monoculture where only cancer cells cultured in a plate, 2 is for the co-culture
system in which cancer cells are cultured with other types of cells such as basal cells. 3 is the
spheroids in which cells aggregates cultured in a sphere and 4 is the ex-vivo models containing
the different layers and the complexity of the model even though it is limited as explained
above. The bioengineering models are designed with the desire to reach the complexity of the
ez-vivo. Although it has not been reached yet, the research on them is still going on. Adapted
from (Ellem et al., 2014).

2.6 Tissue Engineering

The limitations of the current medical therapies (i.e. shortage of donors, biocompatible
tissues, donor site morbidity, etc.) have promoted the emergence of Tissue Engineering as
one of the most promising strategies to regenerate damaged tissues and/or organs (Meyer
et al,, 2009). TE can be defined as an interdisciplinary field of research where biological

and physical sciences are combined to develop alternative medical therapies and restore the
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essential repair mechanisms of the body (Naren and Yun, 2016). Depending on the tissue
and size of the defect, different strategies can be adopted. However, the most common and
successful strategy requires the combination of living cells with a scaffold or matrix (Fedorovich
et al., 2008). In cancer research, advanced tissue engineering is used to design 3D models (in
vitro or in vivo) with scaffold or matrix-based that mimics the tumour environment and used
in the study of the tumour’s pathogenesis (Dietmar W. Hutmacher, 2010). In vivo models were
designed using animals such as mice, which were explained previously in the animal models
used for prostate cancer, such as genetically engineered mice One of the recent studies that
work on this type of tissue engineering is the study done by Leibold et al.. The researches have
used ElectroPoration-based Genetically Engineered Mouse Models (EPO-GEMM) approach
instead of the traditional germline approach. This method reduce the cose and time compared
to the traditional one and it helps producing synchronized cohorts of mice that have bigger
tumours in less time (Leibold et al.; 2020). Tissue engineering is one of the popular methods
in medical therapies that are used in order to overcome the drawbacks that are faced in
artificial organs and organ transplantation. Artificial organs and organ transplantation were
used when the organs are affected by severe disease or even lost because of cancer and in
congenital abnormalities. Challenges appearing with those methods are the need for better
biocompatibility and bio-functionality of the artificial organs and the shortage of organs which
are donated and possible immune rejection in organ transplantation (Ikada, 2006). Despite
still being in its infancy, TE has already demonstrated great potential in many medical areas
through the development of novel therapies and products. The range of applications continues
to broaden and exciting breakthroughs are being made in other areas such as cancer research
and dementia (Ozbolat and Hospodiuk, 2016). For TE to be successful, future research will
need to comprise the development of new biomaterials, better tissue analogues for the study
of complex cellular interactions, advanced imaging methods for 3D constructs and advanced

manufacturing techniques.

2.6.1 Tissue engineering components

Building a 3D tissue-engineered construct that can be used to regenerate the damaged tissue or
design in vitro model relies on five key factors; cells, scaffold/matrix, biomaterials bioreactors
and bioactive or growth factors (Chu et al. (2002); Nair et al. (2009); Norotte et al. (2009)).
Cell Adhesion, proliferation and differentiation are affected by the physical and chemical
properties of these factors (Chung and Burdick (2008); Oliveira et al. (2015)). For the purpose

of this project, three main factors will be discussed; cells, scaffold /matrix and biomaterials.
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2.6.1.1 Cells

Cells are considered the basic life units and are enclosed within a membrane that contains a
concentrated aqueous chemical solution. They have the ability to divide, proliferate and
differentiate into different types of tissues depending on specific biomechanical signalling
(Bruce et al., 2013). Cells can be obtained from three different sources; from the patient
(autologous), from another donor (allogeneic) or from animals (xenogeneic) (Pereira, 2013).
Although autologous activity continues to be high after cell harvesting, there are still some
limitations associated with this source, such as the low amount of cells that can be harvested.
This can become an even higher limitation with increasing patient’s age or associated diseases.
Allogenic and xenogeneic are heterogeneous cells and the immune response needs to be
suppressed partially or completely in order for the body to accept them. On the other side, in
3D models prostate cancer cell lines are used. With over 200 cell lines and sublines of prostate
cancer that has been used in prostate cancer research,PC3, PNT2 and LNCaP cell lines are

three of the most common cell lines used in 3D models.

2.6.1.2 Scaffold /matrix

Because most of the cell lines used in TE are anchorage-dependent, an artificial biomechanical
templated (Scaffold) is required to support the initial cell adhesion and proliferation.
Additionally, the scaffold or matrix must be bioactive and provide the required biomechanical
and chemical signalling for the cells to differentiate and deposit their own Extracellular Matrix
(ECM). In fact, the design and production of an optimal scaffold is a very complex process
involving multiple factors and their mutability with time. Figure 2.6 illustrates the most

important requirements for a TE scaffold (Billiet et al., 2012).
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Figure 2.6: The requirements needed to build an ideal Scaffolds/matrix as described in (Billiet

et al., 2012)

The above-mentioned scaffold’s requirements can be divided into biological and mechanical
depending on their nature:

Biological requirements: The scaffold/matrix should be biocompatible, avoiding any
adverse cytotoxic effect on the cells/tissues. Also, the scaffold should be biodegradable with
known degradation rate and time. The degradation rate and time can be controlled using
enzymatic or non-enzymatic hydrolytic processes and it will be controlled according to the
required properties for printed tissue type (Billiet et al. (2012); Chung and Burdick (2008);
Ikada (2006); Lee and Mooney (2001a); Oliveira et al. (2015)).

Mechanical requirements: High porosity and proper pore size are required for
vascularization and cell adhesion/proliferation. In addition, 100% interconnectivity of the
pores will make ideal diffusion of the nutrient/waste. Adequate mechanical properties
to match those of the native tissue. Proper surface topography to enable cell adhesion,
proliferation and differentiation. Precise external geometry to enable a good biomechanical
coupling with the native tissue. Easy to sterilize and fabricate (Billiet et al. (2012); Kim and
Mooney (1998); Meyer et al. (2009); Wu et al. (2010)).

These requirements are extremely important at different levels of the TE process in order
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to 1) Enhance the cell viability and allow the integration with native tissue; 2) Enhance the
biomechanical coupling between implant and tissue at the site of implantation; 3) Promote
a match between the degradation rate of the implant and regeneration of the tissue (Billiet

et al. (2014); Chen et al. (2010); Chung and Burdick (2008); Freyman et al. (2001)).

2.6.1.3 Biomaterials

A biomaterial is a substance which can be connected to the biological system so it can be used
for the evaluation, treatment and replacement of the body tissues or organs (O'Brien, 2011).
Biomaterials are classified into different categories; polymers, ceramics, metals, composite and
hydrogels (Eisenbarth (2007); Melchels et al. (2012)).Polymers can be classified (according
to their origin) into natural and synthetics. Natural polymers including; alginate, gelatin,
fibrin, collagen networks, chitosan, chondroitin sulfate, and hyaluronic acids (Eisenbarth
(2007); Melchels et al. (2012). They use surface receptors to interface with the cells in
addition to adjusting their function (Chung and Burdick (2008); Melchels et al. (2012)).
Natural polymers have limited availability and differ between the batches. They also have
low flexibility to design external ECM due to the limited mechanical strength (Iim and
Mooney, 1998). Synthetic polymers, on the other hand, are probably the most used class
of materials in TE and comprises poly (a-hydroxy esters), poly (NiPAAm), polyurethanes
and poly (propylene fumarates) (Chung and Burdick, 2008). One of the main advantages of
these materials is the possibility to precisely control their chemical, physical and biological
properties hence inducing specific ECM environments (Chung and Burdick (2008); Melchels
et al. (2012)). But, they are limited by the low recognition signals present in their
structure hence reducing the bio-recognition (Chung and Burdick (2008); Kim and Mooney
(1998)).Ceramic materials are another important class of material used in TE, in particular
for orthopaedic applications, are ceramic materials. These include calcium phosphates, silica-
based glasses and cement (Arcos and Vallet-Regi, 2013). Constructs of cells mixed with bio-
ceramics have been used to mimic the bone structure and have demonstrated the ability to
substitute the bone functions (Sangaj and Varghese, 2011). Metals were used as biomaterials
due to their conductivity and mechanical properties. They are common scaffolds implanted
in the body in the form of plates, wires or screw. They are used in different body parts
such as the knee joints, shoulders, ankles or hips. In addition, these metals used in the
dental field and cardiovascular and maxillofacial surgeries. Examples of the used metals are
titanium and titanium alloys, cobalt-based alloys and stainless steel (Wilson, 2018). The other
type of the biomaterial is composites which is by definition, are made by combining two or
more biomaterials into a system with enhanced properties when compared to every single
material alone. This is particularly useful in bone engineering, whereby combining polymers

and ceramics, an enhanced scaffold with the formability and degradability of polymers, and
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the bioactivity of ceramics can be produced (Rezwan et al. (2006); Wang (2003)).

The other biomaterial that is used is hydrogels, which has proven to have wide
applications in this area. It will have a comprehensive explanation since it is the material
used in the project. Hydrogels are a very important class of materials in TE, especially in
terms of 3D cell encapsulation and Bioprinting. These are water-based networks (Figure 2.7)
consisting of two parts; a long branched, solid part suspended in a liquid matrix (Chung and

Burdick (2008); Meyer et al. (2009)).
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Figure 2.7: Diagram of the hydrogel components. Adapted from (Meyer et al., 2009).

They are considered to be one of the most bioactive materials and can be used to deliver
cells (Chung and Burdick, 2008). Hydrogels can be from the natural or synthetic origin,
where their chemical and physical properties can be distinguished according to their nature.
Physical hydrogels are reversible networks crosslinked through molecular entanglements or
through secondary forces such as ionic bonding and hydrophobic interactions. On the other
hand, irreversible networks are known as chemical hydrogels crosslinked through covalent
bonds (Billiet et al. (2012); Chung and Burdick (2008)). Natural hydrogels such as dextran
and gelatin have properties that closely mimic the properties of ECM hence enhancing the
support and growth of the cells. These have limited application in TE due to the differences
in the batches, In contrast, synthetic hydrogels such as Polyethylene Glycol-Polylactic Acid
(PEG-PLA) and Polyethylene Glycol Diacrylate (PEG-DA) overcome the problems associated
with natural hydrogels. Hybrid gels (gels which have natural and synthetic parts) are used
to combine the bioactivity of natural hydrogels with the tunable physicochemical properties

of synthetic hydrogels (Drury and Mooney (2003); Minguell et al. (2001)). Hydrogels can be
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injected in vivo or printed as a 3D structure in vitro. They can mimic the tissue by filling the
defect and matching its shape and size after the injection (Chung and Burdick, 2008). The
physicochemical properties of the hydrogel make it very attractive for the encapsulation of cells
through 3D Bioprinting (Chia and Wu (2015); Lin and Anseth (2009)). This is particularly
important as it allows a better cell distribution in 3D, homogeneous cell seeding, increased
cell-cell and cell-matrix interaction and recreation of an adequate ECM microenvironment.
However, the printability of hydrogels and the reproduction of complex tissue geometries
remain as a paramount challenge for researchers (Billiet et al. (2012); Chung and Burdick
(2008); Lee and Mooney (2001a)). This is mainly related to the conflicting requirements for
printability and cell viability. On one side, highly viscous hydrogels are necessary to ensure
the good structural integrity of the matrix after printing. On the other hand, low viscosity
is ideal for promoting cell viability and proliferation inside the 3D network. Future work
will certainly be needed to develop hydrogels or bio-inks with optimized properties for 3D

bioprinting of cell-laden constructs with high cell viability.

2.6.2 Strategies of tissue engineering

Tissue engineering is the use of biomaterials to repair, restore or regenerate tissue. There
are four main strategies used in tissue engineering; 1. The first strategy the use of cells only,
in which the cells are extracted from the patient where then can be cultured in vitro. The
cultured cells then transplanted in the body to regenerate the cells in the defect (Laurencin
et al. (1999); Swieszkowski et al. (2007)). 2. In the second strategy, cells growth is stimulated
by molecules or growth factors (Swieszkowski et al., 2007). 3. The third strategy is about the
use of 3D scaffold to support tissue growth. The scaffold can be used alone or seeded with
cells and it will degrade after the growth of the tissue (Laurencin et al. (1999); Swieszkowski
et al. (2007)). 4. The fourth strategy is the use of matrix (such as hydrogel) with cells
encapsulated in. constructs of it are built using a bio-printing technique, in which cells

adherence, proliferation, and differentiation will take place (Drury and Mooney, 2003).

2.6.3 Approaches of tissue engineering

Three different approaches have been used in tissue engineering. Top-down tissue engineering
(also called ‘Scaffold-based tissue engineering’) relies on the combination of a scaffold with
cells and/or biomolecules in order to promote the tissue repair and regeneration processes
(Hutmacher and Cool (2007); Pereira (2013)). This is probably the most used strategy
in TE as it enables the manipulation of the produced biodegradable implant at different
levels: the material of the scaffold, the fabrication technologies and the cells and biological
molecules used. In top-down approaches, shown in Figure 2.8 (A), cells are seeded in a

biocompatible and biodegradable scaffold, cultured in vitro and then implanted in the host
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tissue environment. As the scaffold degrades at a controlled rate, cells will gradually deposit
ECM and rebuild the new tissue hence restoring the biomechanical functions of the tissue (Lu
et al., 2013). The scaffolds in this approach failed to distribute the cells homogeneously and
mimicking the microenvironment of native ECM (Raphacl et al., 2017). On the other hand,
bottom-up tissue approach fabricates the tissue by assembling micro/nanoscopic building
blocks to produce large scale structures and the 3D organization with different types of
cells. This approach aims at mimicking the native biological microstructures with repeating
functional units such as the sinusoid in the liver. It also gives a high chance of controlling the
lengthy constructs (Khademhosseini and Langer (2007); Nichol and Khademhosseini (2009);
Oliveira et al. (2015)). In the bottom-up approach, which shown in Figure 2.8 (B), there
is a choice between different types of the building blocks such as cells, cell aggregates,
hydrogels/cells encapsulated in hydrogels nano/microparticles, tubes and fibres (Nichol and
Khademhosseini (2009); Oliveira et al. (2015)). Modules of biomimetic structures are built by
one of the following fabrication techniques: self-assembled aggregation, cell-laden hydrogels
microfabrication, and tissues direct printing. The module block is repeated and assembled to
create a large construct (Nichol and Khademhosseini (2009); Oliveira et al. (2015)). Using the
bottom up approach, different biomimetic constructs can be created. However, this approach
still faces several challenges, mainly due to the limited mechanical properties of the printed
blocks as well as the limited range of materials available for cell encapsulation. (Oliveira et al.
(2015); Toh et al. (2011); Varghese et al. (2005)). One of the common materials used in the
application of the bottom up approach is hydrogels (mainly synthetic). They are widespread
because of their properties, such as they have a hydrated environment and controlled chemical
and physical properties. In addition, they are biocompatible, biodegradable and they are close
to the ECM (Lu et al. (2013); Raphael et al. (2017)).
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Figure 2.8: Schematic diagram for the top-down approach and bottom-up approach. Adapted
from (Lu et al., 2013).

The third approach is the hybrid technique, which is a combination of scaffold-based
and scaffold-free approaches. The tissue is generated by the use of a synthetic biopolymer
as mould and hydrogel is deposited in the pores. This approach was used to overcome the
limitations within the previous approaches, such as the need for sufficient strength of the
printed model and the need to print tissues with the appropriate size and shape clinically.
The hybrid approach improves the mechanical properties of the tissue construct and gives

high cell viability (Park et al. (2016); Seol et al. (2014)).

2.6.4 Manufacturing Techniques

The fabrication techniques used in tissue engineering are classified into two categories;
conventional techniques, such as freeze-drying, electrospinning and phase separation and
non-conventional (bio-manufacturing techniques), which include powder bed fusion, vat

photopolymerisation, binder jetting and material extrusion processes

2.6.4.1 Printing Techniques

Definition Bio-printing techniques are a group of automated layer by layer fabrication
processes used to produce 3D structures from biological materials, bio-chemicals and living
cells. This technology is used to fabricate scaffolds and tissue blocks in order to regenerate

the tissue. A computer with a design model programme is used to ensure accurate positioning
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of the material and control the shape and pore size (Ikada (2006); Scol et al. (2014)). Bio-
manufacturing additive processes give the ability to produce a layer by layer 3D models very
rapidly and allow the use of deferent raw materials (Bartolo et al., 2009). There are four main
systems used in 3D printing: Vat Photopolymerization, Laser sintering, Binder jetting and
Extrusion based processes

Vat Photopolymerisation

Stereolithography (SLA) is the most common and widely used Vat Photopolymerisation
system for TE. This manufacturing process is based on the production of a multilayer 3D solid
through the reaction between liquid photopolymers and the different radiation sources such
as gamma rays, X-rays, UV, and visible light. The radiation provides the polymer with the
required energy for the bonding of small molecules together and forms crosslinked polymer
structures. Two different approaches were developed for photopolymerization processes in
a vat: point-wise approach (Vector scan) and/or layer-wise approach (Mask projection)
(ASTM International (2013); Gibbs et al. (2014), Pereira (2013)). Different materials can
be used in this technique, such as polymers (Elomaa et al., 2011), ceramics (Chu et al., 2002)
and composites (Melchels et al.; 2009). In addition, it gives accurate and flexible printing.
However, the fabrication time is long and the cells are normally distributed poorly in the
polymer (Meijer et al., 2012).

Selective laser sintering (SLS)

Selective laser sintering (SLS) is a 3D manufacturing technique that uses a laser beam
to heat a powder material to the melting point of the powder. The laser heats the powder
according to the shape that it needs to be printed and the solid layer forms as it cools down
very fast. Once the first layer is completed, another layer will be created on top of it. The heat
of the laser is used to bond each layer to the previous layers. The model is supported by the
loose powder that surrounds the part hence avoiding the use of support structures. Different
powder materials can be used in SLS, including polymers, metals and ceramics (Bartolo et al.
(2009); Kruth et al. (2005); Kumpaty et al. (2006)).

Binder Jetting In Binder-jetting processes, a partial cross-section is formed by printing
a binder into a powder bed according to the shape of the layer. The excessive binder is
then removed by placing the layer under an electrical infrared heater. Another layer is then
printed on top of the previous one and the process is repeated until the part is completed
(ASTM International (2013); Xu et al. (2015)). Some of the advantages of binder jetting
are the ability to combine powder material with additives and the possibility to load slurries
with a high content of particles which enables the production of metal parts and high-quality
ceramic. Different materials can be used, including polymers, ceramics and hydrogels. One of
the main advantages of Binder Jetting is the possibility to operate at low temperatures hence

allowing the use of cells in the fabrication process.
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Extrusion Based process

Extrusion based processes use a nozzle with diameters of 50 — 1000 pum selectively dispense
semi-molten materials on a building platform in a layer-by-layer fashion (Melchels et al. (2012);
Pereira (2013)). Fused Deposition Modelling (FDM), shown in Figure 2.9, is an example of
the extrusion-based processes. In this process, a thin filament is used to supply the nozzle
with polymer or composite of polymer and ceramic. The semi-molten material is deposited on
a translation building platform and the material is allowed to solidify prior to the deposition
of the next layer. There are several parameters that control the printing process of materials
using FDM, including the scanning speed, temperature, pressure, etc. and that have a direct
influence on the quality of produced parts. One important aspect of FDM is the need to
maintain the printed material at a relatively high temperature in order to ensure a good
interlayer adhesion (Melchels et al., 2012). FDM has been widely used in TE and in particular
in the regeneration of skeletal tissues such as osteochondral defects (Cao ct al., 2003). Several
biomaterials can be used for the production of TE scaffolds, including synthetic polymers and
organic-inorganic composites. One of the most common materials used in FDM and approved
by the Food and Drug Administration (FDA) for medical applications is Polycaprolactone
(PCL). Several studies have reported the successful use of FDM to produce 3D scaffolds with

good mechanical properties, high porosity and pore interconnectivity (Zein et al.; 2002).

Plastic filament supply

Extrusion nozzle

= Construction table

Figure 2.9: Fused deposition modelling relies on a plastic filament supply, extrusion nozzle

and a construction table. Adapted from (Melchels et al., 2012).

Extrusion-based processes have evolved immensely over the past 10 years and it is
now possible to thermosensitive materials, such as hydrogels, with encapsulated cells and

biomolecules. This is done by the encapsulation of the cells in the hydrogel and placing it
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in a cartridge connected to a nozzle. The material is then extruded by the application of
compressed air hence reducing the amount of shear forces that can affect cell viability. After
the completion of the printing process, culture media is added to the build construct (Censi
et al. (2011); Melchels et al. (2012), Wiist et al. (2011)). Constructs with high accuracy,
controlled porosity (to ensure the transfer of the nutrient and waste) and multiple materials
can be easily printed using extrusion-based processes. Also, different cell lines can be printed in
a single construct hence reproducing the functional gradients of the native tissues (Censi et al.,
2011). However, the full potential of extrusion-based processes or Bioprinting is still hindered
by some issues related with sterilisation, construction speed, software and standardisation of
the process (Wiist et al., 2011). With cancer cells the extrusion based process, a study done
by Khalil and Sun in which Rat heart endothelial cells were encapsulated in alginate to make
a 3D scaffold. The research was used conducted to study the relationship between the nozzle

velocity and the diameter of the alginate strands (Ihalil and Sun, 2007).

2.6.5 Infrared Spectroscopy
2.6.5.1 Vibrational Spectroscopy

Spectroscopy is the study of the interactions between electromagnetic radiation and materials.
The interactions might cause light to be absorbed, reflected or emitted as the energy and the
wavelength varies. Mid Infrared Spectroscopy (which is one form of vibrational spectroscopy)
deals with the spectral region 4000 — 400 cm™!, 2.5 — 25 pm.

Covalent molecules (taking diatomic molecules as an example) undergo vibrations. The
inter-nuclear distance between the two atoms is set so that the energy of the system is
minimal and balance both repulsion and attraction forces. The repulsion forces are between
the positive nuclei of the two atoms and negative clouds of the electrons of the two atoms,
while the attraction forces are between the nucleus of one atom and electrons of the second
atom (Banwell, 1983). When these molecules vibrate, their vibrational amplitude is a few
nanometers only, but it increases when the molecule gains energy (Elmasry et al., 2012). The

energy is expressed by the following equation:
E = hv = hc/A (2.1)

Where h is the Plank constant, c is the speed of light and A is the electromagnetic radiation

wavelength.

2.6.5.2 The Classical Mechanical Model for a diatomic molecule

The bond of the covalent molecule undergoes through compression and extension, which can

be connected to a spring movement. Taking the assumption of a bond like a spring, it can be
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said that it obeys Hooke’s law. Hooke’s law states that the energy needed for the compression
and extension of a spring is proportional to the distance the spring moves and given by the

following equation:
f=—k(d—deq) (2.2)

Where f is the force, k is the force constant d is the inter-nuclear distance and d.q is the

distance at equilibrium. The harmonic oscillator vibrational frequency is:

vo = 1/2m/(k/m) (2.3)

m = (myma)/(m1 + ma) (2.4)

The diatomic molecular vibration is described by the simple harmonic oscillator in which the
energy will be:

E =1/2k(d — deq)?) (2.5)

The concept of vibrational energy can be understood by a simple harmonic oscillator which
is shown in Figure 2.10 A. the figure shows the relationship between the energy (potential
energy) and the inter-nuclear distance (interatomic distance). Simple harmonic oscillator
though, failed to explain the real molecule’s behaviour. Real molecules have a discrete energy
system rather than continuous energy which is explained by Hooke’s law (Banwell (1983);

Elmasry et al. (2012); Wartewig et al. (2003)).
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Figure 2.10: Schematic diagram of the simple harmonic oscillator system (A) and anharmonic
oscillator system (B). Adapted from (Elmasry et al., 2012).

the long one for the document

The energy levels of real molecules are defined by quantum mechanics, with the following
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equation:

Ey = (v+1/2)hv (2.6)

In which v is the vibrational quantum number, F is the energy which is correlated to the
vt quantum level and v is the fundamental vibrational frequency.

The second limitation to the simple harmonic oscillator is that transitions in simple
harmonic occur between adjacent levels (Av = £ 1) and the energy difference between
those adjacent levels is always the same. While in an anharmonic oscillator system shown
in Figure 2.10 B, the energy levels get closer together with increasing potential energy and
the transitions occur when the amount of light absorbed is the same as the energy difference
between any two levels if they are not adjacent levels.

In addition, the elasticity of the bonds in real molecules does not last forever, as the bonds
are not fully homogeneous and so they won’t obey Hooke’s law. Stretching the bonds will

cause dissociation at some point (Banwell (1983); Elmasry et al. (2012)).

2.6.5.3 Modes of vibration

Having a molecule with n number of atoms and the axis (x, y, and z) are used to specify
the location of each atom. The molecule is said to have a 3N degree of freedom because of
the independent specification of each coordinate and so the total number of coordinate will
be 3N. Fixing the 3N coordinates will lead to the fixation of bond distances and angles.
This allows the molecule to move freely in space with a fixed shape. The translational
and rotational movements of a non-linear molecule require six degrees of freedom (3 for
translational movement and 3 for rotational movements), which makes the molecule leaving
3N - 6 degrees of freedom (Banwell (1983); Hsu (1997); Stuart (2004)). In contrast, linear
molecules have only two rotational movements occurring as there is no rotation around the
bond axis e. This will leave 3N - 5 fundamental vibrations. Diatomic molecules always have
one vibrational mode since N = 2 and they are linear (Banwell (1983); Hsu (1997); Stuart
(2004)). Polyatomic molecules can be linear like CO2 with four modes of vibration or non-
linear like HoO with three modes of vibration. The modes that have a net change in the dipole
moment can be analysed by IR spectroscopy (IR active). The main molecular vibrations types
are stretching and bending (Hsu, 1997). Figure 2.11 shows different types of vibrations for
H50.

50



H

o (0] (0]
/ \ N / \ 7 / \
H H H H
/H \ (b) Symmetric bending (¢) Antisymmetric stretch

(a) Symmetric stretching
1595.0 cmt 3755.8 cm!

3651.7cm!

Figure 2.11: The main molecular vibrational modes for a nonlinear molecule HoO. Adapted

from (Banwell, 1983).

When the IR radiation is absorbed by the molecule, the energy is converted to vibrational
motion, which is usually combined with rotational motions. Absorption bands rather than
discrete lines (energy level transitions ) are usually detected in mid of the IR region (Hsu,

1997).

2.6.5.4 Dispersive Spectrometers and Fourier Transform Spectrometers

Dispersive spectrometers were introduced in the 1940s. It has three main components: a
source of infrared radiation, monochromator and detector, as shown in Figure 2.12. The
common sources of radiation are Nernst glower, Globar and Nichrome coil. The radiation
beam from the source is divided into two beams with the same intensity. One beam will go
to the sample and the second one will go to the reference. The beams will then be directed
to the monochromator which will disperse the light into different frequencies. The detector
then determines the frequencies of light which have been absorbed by the sample and the
unaffected one (Hsu (1997); Pavia et al. (2001); Thermo Nicolet Corporation (2002)).
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Figure 2.12: Dispersive spectrometer diagram. Adapted from (Thermo Nicolet Corporation,

2002).

The dispersive spectrometer has a slow scanning speed. In addition, the wavenumber
range, which goes to the detector from the monochromator is limited due to the presence of
the narrow slits at its entrance and exit. Those limitations can be overcome through a Fourier-
transform infrared spectrometer (Stuart (2004); Thermo Nicolet Corporation (2002)). Fourier-
transform infrared (FTIR) spectroscopy is based on the use of the interferometer system
instead of the monochromator. The common interferometer used is a Michelson interferometer

showed in Figure 2.13.
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Figure 2.13: Diagram of a Michelson interferometer. Adapted from (Thermo Nicolet

Corporation, 2002).

The interferometer contains a source of infrared radiation, beam-splitter, two mirrors, a
laser and a detector. The radiation moves to the beam-splitter and it will split into two parts.
One part will be transmitted through a moving mirror and a fixed mirror will reflect the
second one. The two beams will be recombined at the beamsplitter and give an interference
pattern which is called an interferogram. The interferogram then moves to the sample, where
the energy is absorbed or transmitted. The transmitted part will reach the detector and the
signal detected will go to the computer and it will be converted to a spectrum. The background
is scanned by collecting the signal with no sample and the transmittance is produced by taking
the ratio of the sample beam to the background (Hsu (1997); Pavia et al. (2001); Smith (2006);
Wartewig et al. (2003); Thermo Nicolet Corporation (2002); Stuart (2004))

2.6.5.5 Hyperspectral imaging

Instrumentation Hyperspectral imaging which is known as chemical or spectroscopic
imaging is a technique that combines conventional imaging and spectroscopy, so both spatial
and spectral information of an object or molecule is obtained. This technique which was
developed for remote sensing applications, is now used in different fields such as medicine,
astronomy, pharmaceuticals and agriculture due to the acquiring of hyperspectral sensors
(Gowen et al. (2007); Nair et al. (2016)). Intensity information is measured and collected

from more than a hundred spectral bands within the electromagnetic spectrum. The sensor
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of the Hyperspectral imaging produces data as a set of images. These images are normally
in the form of a three-dimensional data cube, where the spatial coordinate of a pixel is
represented by the first two coordinates and the wavelength of the spectral band is represented
by the third coordinate (Nair et al., 2016). The hyperspectral imaging instrument is shown
in Figure 2.14. It consists of three main components: an interferometer, an IR microscope,
and an IR-sensitive multichannel detector. Within the FTIR microspectroscopy system, the
interferometer interfaces with the IR microscope, which results in a specified spot size at the
sample plane. The IR radiation is then applied to the sample and hits the detector. Generated

data is then visualized in a combined computer (Levin and Bhargava, 2005).

\. Eye pieces

CCD camera

FBA Detector

Mid-IR source

Optical light
source

Figure 2.14: Hyperspectral imaging instrument consisting of an interferometer attached to a

microscope and detector. Adapted from (Levin and Bhargava, 2005).

In microspectroscopy studies, usually,the Michelson interferometer is used (described
above). The interferometer has two scanning modes based on the mirror movement. The
first mode is the continuous scan interferometer, where the scanning speed of the mirror is

constant and showed in Figure 2.15 A.
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Figure 2.15: Modes of mirror scanning in interferometry: (a) continuous scan mode and (b)

step-scan mode. Adapted from (Levin and Bhargava, 2005).

The second mode is step-scan interferometers showed in Figure 2.15 B. In this mode, the
mirror radiation is changed to the obtained value and kept constant until the measurements
are completed at this radiation. Then the interferometer is raised by one step to the second
radiation and so on until the process is complete. The recorded signals are built point-by-point
with discrete mirror delays instead of the time intervals. This mode is not preferred for routine
spectroscopic analyses due to the time needed for the scan, the cost of the interferometer and
its complexity (Levin and Bhargava, 2005).

The microscope used in IR is very much the same as the one used in visible light
microscopes except for the glass refractive elements. These elements need to have an opaque
glass to IR light with a wavelength higher than 5 pm. The spot size of the microscope can
be increased using either a diffuser or diverging mirrors system. The beam is diverted from
the spectrometer to the Focal Plane Array (FPA) detector using different mirrors. Optics
such as Cassegrain used for the transmission mode shown in figure 2.15, are used to have
a focused light on the sample. Different detectors are used in the FTIR imaging in which
the choice of the detector will determine the data acquisition speed, quality, and chemical
image quality. The most common detectors used are FPA detectors. FPA detectors give
information about the compounds identity and concentration. Furthermore, these can provide
information about the distribution of those compounds in the field, which is measured based
on the simultaneous acquisition of thousands of spectra in minutes. In addition, n x n of

resolved spectra are acquired simultaneously ( n can be 16, 32, 64, or 128) in the detector
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array (Agilent Technologies (2011); Levin and Bhargava (2005); Smith (2006)). An FPA
detector that is used in imaging is liquid nitrogen-cooled Mercury Cadmium Telluride (MCT)
detector. Its properties depend on the Hg: Cd ratio. Narrow-band MCT detectors are very
sensitive (50 times more than 1 x 1 or 2 X 2 mm pyroelectric (either deuterated triglycine
sulfate (DTGS), which is used in FTIR spectrometer) but they cut-off of about 750 cm™!
while mid-band MCT cut-off of about 600 cm™! with sensitivity less by half than the narrow
band MCT. Most samples have no useful bands below 700 cm ™! except few organic samples,
so some FT-IR microscopes are equipped with narrow-band MCT detectors (Alzer and Siesler,
2009).

Hyperspectral imaging modes

FTIR imaging works with different modes such as transmission, Attenuated Total
Reflection (ATR) and transflection. In Transmission Imaging, the amount of light absorbed
by the sample is measured. The resultant spectra in this mode usually have a high Signal to
Noise Ratio (SNR) due to the high intensity of infrared light received by the detector. A thin
film is required to avoid the complete absorbance of light by the sample. Also, the thickness
of the sample should be uniform in order to get a precise quantitative analysis ([Kazarian and
Chan, 2006). In ATR imaging, the IR light is passed from the ATR crystal (high refractive
index material) to the sample (low refractive index material) at an angle higher than the
critical one. The radiation is reflected internally at the interface. The sample for ATR FTIR
imaging requires none or little preparation (Alzer and Siesler (2009); Kazarian and Chan
(2006)). The Transflection mode is the measurement of reflection-absorption, where a highly
reflecting substrate is used with the sample placed on top of it. When IR radiation is applied
to the sample and substrate, the light will be transmitted through the sample and will be
reflected from the substrate. The light then goes back through the sample one more time,
causing the path-length to be doubled and the sensitivity will increase. One of the most
commonly used substrates in transflection is Ag/SnOs coated glass slides as they are robust
and cheap (Pilling et al., 2015).

Scattering effects

Scattering is one of the problems associated with FTIR imaging. It occurs due to the
change in the refractive index in the sample. The sample particle’s diameter is the same
as the light wavelength which is interacting, causing distortion in the peak’s intensities and
difficulties in determining the baseline. The background will be broad and undulate. This
scattering is known as Mie scattering. One of the major samples affected by Mie scattering is
the tissue samples since the cells that make up the tissue are of similar size to the radiation
wavelengths, between 2.5 and 12 mm. Different algorithms are available to correct the
scattering effect and a pure absorbance is retrieved. Recent studies have recently demonstrated

the potential of correction algorithms when applied to tissue samples (Bambery et al. (2012);
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Goormaghtigh (2017); Pilling and Gardner (2016)).

Correction for water vapour contribution

The contribution of water vapour to the obtained spectra is very common due to its
presence in the surrounding air. It can be minimized by using a box to surround the microscope
parts and purging dry air inside it. With or without the minimization of the presence of water
vapour by the box, its contribution still can be seen if not immediately, second derivatives
will show it. Figure 2.16 shows the contribution of water vapour on a spectrum of epithelial

1

cells. It can be seen at the wavenumbers 4 and 8 cm™! and it is found at 16 cm™! as well,

but it cannot be differentiated. Using the second derivatives shows the one at 16 cm™!.
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Figure 2.16: The contribution of water vapour as a function of spectral resolution in epithelial
cells spectra. (A) Shows the spectra of the breast epithelial cells at 4 cm™! and the water
vapour spectrum have been added (bottom, red spectra). The decreased resolution by
apodization of the interferogram by a Gaussian line shape to 8 cm™! showed in the middle,
green spectra and decreased more to 16 cm ™! showed in the top, magenta spectra. The original
spectrum at 16 cm~! is showed (with a small offset to make it clear) in blue. (B) shows the
second derivative (Savitzky-Golay, 9 points, spectra encoded every 1 cm™!) of the original
spectrum at 16 cm™! (blue) as well as the spectrum containing water vapour contribution in
which the resolution was decreased (magenta). The correspondence between each spectrum
and its second derivative is indicated by the arrows. The original cell spectrum appears in
blue with a small offset for the sake of clarity. B, second derivative (Savitzky—Golay, 9 points,
spectra encoded every 1 em™!) of the original cell spectrum (blue) and of the spectrum

containing water vapour contribution whose resolution was decreased at 16 cm ™!

(magenta).
The arrows indicate the correspondence between each spectrum and its second derivative

(Goormaghtigh, 2017).

The water vapour is scaled and subtracted from the spectra using different methods. It

can be solved by image “noise” subtraction. In the case of scaling the subtraction coefficient

1

on a single water vapour band, it is best to record the spectra at least at 8 cm™" resolution

(Goormaghtigh, 2017).
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2.6.5.6 Biomedical applications of Hyperspectral imaging

IR methods are widely used in the biomedical field due to the presence of the IR active
compound in most of the biological and clinical samples. IR spectroscopy gives a unique
fingerprint for each sample without destroying the sample. The most common bands for the
biological molecules in the area of 3,000 — 800 cm™! are shown in Figure 2.17. The figure
shows a spectrum in the transmission mode for breast carcinoma. Basically, the spectroscopic
analysis is associated with the presence of lipids, carbohydrate proteins, and conformational

changes within the DNA (Baker et al. (2014); Siqueira and Lima (2016)).
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Figure 2.17: Biological spectrum showing biomolecular bands of some biological samples.
Where v is the stretching vibrations, & is the bending vibrations, s is the symmetric vibrations

and as is asymmetric vibrations (Baker et al., 2014).

For the analysis of biological or biomedical samples, there is a choice between the different
modes (transmission, ATR and transflection) depending on, which one is more suitable for
the sample. Dyes or labelling techniques are not required for IR analysis. In addition, fixed
and live cells can be analysed or even tissues embedded in paraffin. Also, different cells types
such as stem cells, transit-amplifying cells and terminally differentiated cells can be analysed
by IR techniques (Baker et al. (2014); Kazarian and Chan (2006)). Different studies of the

FTIR imaging in the biomedical field have been done and reported in the literature. Some
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of the reported studies (arranged in the published years) will be demonstrated. Lasch, Boese
and Diem have demonstrated spectral maps for tissue sections and used unsupervised and
supervised algorithms to extract the information of the tissue which might be useful for the
prescreen of the tissue sections (Lasch et al., 2001). Moreover, Haka, Kidder and Lewis were
able to see the different tissue types by the biochemical composition and they were able to
create different data sets for each region (Haka et al., 2002). In another study, Haka et al.
demonstrated the spectral details of the cells showing the different components of the cells
such as nucleus and cytoplasm. They were able to see the difference between active and dead
cells since the dead cells show spectral information of the proteins and there is no spectral
information of the nucleic acids and phospholipids which were seen in the active cells (Haka
et al., 2002). In the work of Paluszkiewicz C and Kwiatek WM, the authors reported on
the analysis of human cancer prostate tissues using FTIR microspectroscopy and SRIXE
techniques (Paluszkiewicz and Kwiatek, 2001). In particular, they have studied the difference
between cancer tissue and a non-cancer part of the prostate using FTIR microspectroscopy.
In the area of 2800 to 3000 cm ™!, different band intensities were found when analysing cancer
and the non-cancer part. In the spectrum of cancer tissue, the intensity of the band at 2930
cm ™! was found to be more than the band at 2960 cm™!. The relative intensity ratios of bands
in cancer and non-cancer spectra were calculated and found to be different, which indicates
the disorder of the groups in the cancer tissue (Paluszkiewicz and Kwiatek, 2001). In another
study by Gazi et al. (Gazi et al., 2003), the FTIR microspectroscopy was applied to different
samples of prostate cancer including cell lines which are taken from different metastatic sites,
Gleason-graded malignant prostate tissue and tissue from Benign prostatic hyperplasia (BPH).
The authors suggest a potential method to distinguish benign cells from malignant cells based
on the ratio of the peaks that correspond to glycogen at 1030 cm™! and phosphate at 1080
cm~!. The ratio associated with FTIR spectral imaging was used to provide an estimation
of the malignant tissue areas in defined regions of a specimen (Gazi et al., 2003). In later
studies, Lasch, Diem and Naumann were able to use multivariate cluster algorithms in the
infrared spectra to build tissue structure maps and that gives more information than using
chemical mapping technique (Lasch et al.; 2004). Gazi et al. have published a study in which
ToF-SIMS and synchrotron-based Fourier transform infrared (SR-FT-IR) microspectroscopy
used to get information about the spatial distribution of the proteins and lipids in prostate
cancer cells. Additionally, carbohydrate, phosphate and nucleic acid peaks were also analysed.
The method can be used to study the variation in the phenotype expression, which might
lead the demonstration of the specific ions associated with cancer progression (Gazi et al.,
2004). In another study by Gazi et al. that have been published in 2005, the use of SR-

FTIR microspectroscopy to generate a chemical map for PC-3 cells (prostate cancer cell line)

was shown. The authors found that the basic biochemical processes of the cytokinetic cells
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can be understood using the IR signals intensities of the amides and lipids (Gazi et al.,
2005). A study to compare the architecture of tissue using Gleason grade and FTIR-LDA
was performed by Gazi et al. FTIR-LDA is the use of Linear Discriminant Analysis (LDA)
to the FTIR spectra, which has been done by the same group in a previous study. The
results of the comparison show the availability of the correlation between the two and both
found to predict the behaviour of the tumour metastatic in a similar way (Gazi et al., 2006).
FTIR-PAS technique has been used to present a novel work by Harvey et al. on the analysis
of cancerous cells. The different cell types were separated when using PCA in addition to
the separation of BPH from PC3 and LNCaP cells (Harvey et al., 2007). Gazi et al. studied
the direct evidence of lipid translocation between adipocytes and prostate cancer cells with
imaging FTIR microspectroscopy (Gazi et al., 2007). In this study, the authors have shown
the translocation of the lipids between adipocytes and prostate cancer cells. Additionally,
a comparison between PC3 prostate cancer cells fixation methods through the IR spectrum
was also reported. The fixation methods are formalin fixation and fixation by PF using OsO,
post-fixation and Critical-Point Drying (CPD). The use of OsOy in the latter method, preserve
the lipids without absorbing the radiation in the mid-IR region and (CPD) method keeps the
3D structure of the lipid, but the signal of the vs(=C-H) that is found in the unsaturated
hydrocarbons is lost. On the other hand, formalin fixation is found to be unsuitable of the
adipocyte because of the presence of methanol that causes intracellular lipids extraction.
However, it keeps the vs (C-H) signal present in the spectrum. Both fixation methods were
found to make the resolution of the peaks to decrease, in particular the vas (CH)q2 and vas
(CH)3. Furthermore, the authors have also studied the location of subcellular in a single
adipocyte containing isotopically labelled palmitic acid (D31-PA) using FTIR imaging. The
percentage of adipocyte containing D31-PA was found to be high in large adipocytes. When
PC3 cells co-cultured with D31-PA, and FTIR image was taken for the fixed PC3 the signal
of D31-PA was seen in the spectrum showing translocation of the labelled Dietary fatty acids
((Gazi et al., 2007). A study that used FTIR technique to identify the aggressive prostate
cancer was performed by M. J. Baker. The principal component-discriminant function analysis
(PC-DFA) algorithm was used to analyse the spectra obtained by FTIR. The specificity and
sensitivity of a three-band Gleason score criterion were improved, which gives an accurate
diagnosis of prostate cancer (Baker et al., 2008). In order to find the relationship between
dietary fat intake and prostate cancer, a study by Gazi et al. took place. Deuterated analogues
were used in Fatty Acid (FA), Palmitic Acid (PA) and the unsaturated FA, Arachidonic Acid
(AA) and then FTIR microscopy was used to measure them. The study results show that
FTIR is a good technique to monitor the amount of AA in the cells. Also, the study shows
that protein phosphorylation is occurring due to the metabolism of the lipids (Gazi et al.,

2009) Baker et al. have investigated the use of FTIR based histopathology for prostate
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cancer diagnosis. The researchers were able to differentiate the prostate confined cancer and
extraprostatic cancer by the spectral analysis of FTIR using the amide and lipid region (Baker
et al., 2009). Gasper et al. were able to find a fingerprint of the biochemical components such
as DNA, RNA, proteins and lipids when treating prostate cancer cell lines with anticancer
drugs. Moreover, the metabolic changes due to the application of the drug were identified
accurately. The study also performed to check the effect of the antitumoral Cardiotonic
Steroids (CS) on prostate cancer cell line PC3. Four CS were tested; ouabain, 19-hydroxy-2"
-oxovoruscharin, hellebrin and 19-hydroxy-hellebrin. Although the spectral signature for each
CS used was unique, but the similarities with the signature of the control were very big. The
authors suggested, based on the found results, that FTIR can be used to find the cellular
pathways generated by the drugs (Gasper et al., 2010). A study of Multimodal microscopy
for automated histologic analysis of prostate cancer has been published. The study addressed
the use of FTIR imaging on the identification of the epithelial cells and the authors were
able to extract information about cell type and morphology from stained images (the same
images used in the clinics) (Kwak et al., 2011). Bassan et al. show in their study the ability
to scan a whole organ with FTIR spectroscopy. The prostate was scanned using transmission
mode and it took hours compared to days with transflection mode. The authors suggested
the build of an automated model containing the chemical images and the histology of the
different cell types within the organ. Other studies have to be combined with this study in
order to get a better and comprehensive model (Bassan et al., 2013). Another study has
used the FTIR to check the effect of the anticancer drugs on the cell cycle. The output of
the study is that FTIR is not a good method to study the cell cycle since the spectrum was
affected by Mie scattering and the use of RMies-EMSC algorithm still show the paclitaxel
treatment, which dominates over the cells cycle effect. The FTIR was used to classify the
cells in different phases of the cell cycle, but the classification was very poor (Derenne et al.,
2013). The assessment of prostate biopsy with FTIR imaging was done by Bassan et al. in
order to help the pathologist to get a more accurate and automated assessment of the tissue
biopsies. The researchers have studied the use of FTIR imaging on embedded tissue without
going through the processes of dewaxing and staining. The resulted spectra show the loss of
the lipid signal because of the paraffin absorbance interference. The use of the other regions,
though, provides a highly accurate classification with the benefits of the reduction of the
scattering (associated with the dewaxed sample) and reduction of the need to used the signal
processing methods (Bassan et al., 2014). Comparing between transmission and transflection
modes in studying prostate tissue was done by Pilling M et al. (Pilling et al., 2015). The
study shows a non-linear distortion in the spectra obtained in transflection mode as well as
differences in the spectra measured in the same area. The benign and cancerous tissues were

poorly distinguished in this mode. When the sample thickness is doubled in the transmission
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mode, no difference was seen in the spectra, which suggests that the path length increment in
the transflection was not the reason for the increase in the absorption band variability. Also,
the study shows that the spectral biomarkers cannot be transferred from one mode to another
(Pilling et al., 2015).

Kwak et al. had a study on the use of FTIR spectroscopy to predict the recurrence of
prostate cancer without the use of stains and human interpretations. The authors have used
a computational approach with FTIR imaging data. They have used the stromal features
rather than epithelial once, which normally lead to a great distinction between recurrence
cases and the non-recurrence controls (Kwak et al., 2015). The difference between High-
Definition (HD) and normal magnification FTIR spectroscopy was studied and found that
HD imaging has given more spatial information quality. This, according to the authors, will
lead to a better assessment in the diagnosis of prostate cancer using IR spectroscopy (Wrobel
et al., 2016). A study to compare two classification methods of the FTIR data was performed.
The methods are Linear Discriminant Analysis (LDA) and Quadratic Discriminant Analysis
(QDA). The comparison was based on prostate cancer database. The results show the ability
to classify the low and high grades of prostate cancer by both methods with QDA method
showing better classification. In addition, both models can be used for the identification of the
structure of the proteins and the differences of the DNA/RNA. There is no recommendation
given from the authors for the method to be used, a suggestion to find the best method
by using data ‘graphical exploration’ with model quality performance calculations (Siqueira
et al.,, 2017). Research to study the thermal effect on IR spectroscopic imaging by combining
the IR spectroscopy with thermal emission imaging. The spectral differences between benign
and malignant parts of prostate cancer tissue. The study shows the great contribution of the
thermal effect with the reduction of acquisition time and the obtained chemical images were
found to have similar to the spatial resolution with the one from FTIR. In addition, the study
found that cancer surrounding the stoma has a spectral band that can be considered as a
biomarker, which is the antisymmetric stretching band of the methylene group at 2921 cm ™!
(Song et al., 2018). Cai Li Song and Kazarian have studied the effect of having a variable
angel in the micro ATR-FTIR spectroscopic imaging. The team of the study were able to
change the angel in the z-direction with about 2°. Very high-quality images were obtained at
different depths. The importance of this work comes from the ability to apply the study on
3D models allows the study of different components within the model (Song and Kazarian,
2019). Recent study to compare HD-FTIR, Raman and atomic force microscopy infrared
(AFMIR) techniques has been done by applying them to prostate cell line PC3. The result of
the study shows that all three methods give high-quality chemical images of the cholesterol
derivatives found in cancer cells. However, the AFM-IR technique found to show higher

spectral heterogeneity than FTIR and Raman imaging, which had similar results. AFM-IR is
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a powerful technique for the nanoscale imaging with improvements of some bands comparing
to FTIR such as the lipid bands (Roman et al., 2020). These are some of the studies that have
been done for the use of FTIR imaging for the study of prostate cancer. Different types of
samples have been used, such as the use of biopsies from patients and cell lines. The studies
aim to find more information about the initiation and progression as well as testing therapies.
With all this research, there is still a lack of knowledge of cancer initiation and progression,

and more studies are going on in the field.

2.7 Conclusion

Prostate cancer is the most common cancer among men with a high death rate. Studies show
the effect of CAFs on prostate cancer cells proliferation. Different models have been used to
study prostate cancer such as animal models (dogs and primates, genetically engineered mouse
models, xenografts and rats), 2D models and 3D models (spheroids and organoids). All these
models are limited and that causes the limitation of the knowledge of cellular mechanisms that
lead to prostate cancer initiation and progression. Tissue engineering is used in 3D models
design that mimics the tumour environment and it might be the right components needed
to find the required knowledge on cancer initiation and progression as well as bringing the
complicated models for drug testing. With the significant applications of FTIR imaging on
the biomedical field, it is believed that it will be the best techniques for the analysis of the

constructs that are built in the work of this project.
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Methodology

3.1 Materials

F-12 Ham, RPMI-1640, PBS and Trypsin were purchased from Sigma Aldrich, UK. The
hydrogels (Alpha 1, Alpha 2, and Alpha2*) were purchased from Manchester Biogel, UK.
The LIVE/DEAD Viability /cytotoxicity kit was purchased from Thermo Fisher Scientific.
Alamar Blue was purchased from Fisher Scientific UK Ltd. The antibodies N-Cadherin and
E-Cadherin were obtained from New England Biolabs UK Limited, vimentin antibody was
purchased from Proteintech Europe Ltd, pan Cytokeratin Ab was obtained from Bio Techne

and HIF 1 alpha monoclonal antibody was purchased from Enzo Life Sciences (UK) Ltd.

3.2 Optimisation of bioprinting parameters

An extrusion-based printing system, called 3D Discovery (regenHU, Switzerland), was
employed for the fabrication of cell-laden hydrogels. Several parameters control the extrusion
process of materials with the 3D Discovery, including Valve Opening Time (VOT), Dosing
Distance (DD), Deposition Velocity (DV) and the Extrusion Pressure (EP) that need to be
optimised according to the materials used. In this study and due to the different rheological
properties of the hydrogels (Alpha 1, 2 and 2*), an optimisation process was carried out in
order to obtain 3D constructs with well-defined geometrical properties and high cell viability.
The hydrogels which were used in this experiment were alphal, alpha2 and alpha2*. They are
ionic-complementary peptide hydrogels that are self-assembled into (3-sheet-rich fibres. They

are designed to produce a 3D structure in which its mechanical properties can be controlled.

3.2.1 Code generation for the 3D printing

The constructs were designed using BioCAD software (regenHU, Switzerland). Since the

cell-laden constructs had to be directly printed into 6-well culture plates with and without
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inserts, an optimised G-Code was written, taking into account the thickness of the disk and
the geometry of the plate. All printed constructs were characterised by a Disc-shape geometry
with an outer diameter of 14 mm, lay-down pattern of 0° for one layer and 0°/90° for four
layers construct, Filament Distance (FD) of 550 um (horizontal plane), layer thickness (LT)
of 550 um and height of 1 mm.

3.2.2 Optimisation 3D Discovery printing parameters

The polymeric solution or ink was prepared by adding 30 uL of the culture media (taking into
account the cell density; 10 uL was added to the normal volume used of 20 puL) to the hydrogel
and mixed homogeneously. Two different culture mediums were used (F-12 Hams and RPMI-
1640). Then the mixture was placed in the printing cartridge, and optimisation took place.
There are different processing parameters that control the low-temperature printing process
of the 3D Discovery and that need to be optimised in order to achieve precise control over
the dimensional /geometrical accuracy of printed constructs. Within the scope of this work,
four parameters were studied and optimised, namely Deposition Velocity (DV), Extrusion
Pressure (EP), Valve Opening Time (VOT) and Dosing Distance (DD). The DV is related
with the movement of the printing head in X and Y directions. EP is the pressure applied
to the piston of the cartridge. VOT specifies the period during which the micro-valve of the
printing head is opened. DD determines the distance between the dispensed portions of the
material. Through a series of trials, hydrogel constructs were printed using a nozzle of 330
um and varying iteratively one parameter while maintaining constant the other three. This
method was employed to ensure the generation of constructs with well-defined geometries
and dimensions while ensuring good cell viability. To get the optimal parameters, VOT was
varied between 1 x 107* s to 0.05 s, DD has a minimum distance of 5 x 107% m, and
maximum distance x 1072 m, Deposition Velocity (DV) ranges from 0.007 to 0.01 m/s, and
the Extrusion Pressure (EP) varied between 1 x 10° Pa and 3 x 10° Pa (1-3 bar). Optimised
processing parameters were then used to print 3D hydrogel-based constructs, encapsulated
with different prostate cancer cell lines (PC3, PNT2 and LN CAP) directly onto a six-well
cell culture plate. The optimised printing parameters were obtained in which the hydrogel
filament extruded with the same diameter of the nozzle (internal) in the minimum amount of

time possible.

3.2.3 Rheological properties measurements

The mechanical properties were measured for hydrogel samples (200 puL each) after they have
been set on culture media for 24 hours. The three hydrogels (alphal, alpha2 and alpha2*) were
tested on two different culture media;F-12 Ham and RPMI-1640. The viscoelastic response

of the hydrogels was measured using a Discovery HR-2 rheometer from TA Instruments.
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The tests for all samples were conducted with 20 mm diameter parallel-plate at 25 °C with
50 um gap. Dynamic oscillatory frequency sweep measurements were run at 0.05% strain
amplitude and Storage (G’) and loss modulus (G”) were determined. The viscosity modulus
was measured for a controlled frequency of 1Hz and a wide range of strain from 0.01% to

100%.

3.3 Cell encapsulation and viability assay

Since the one of the aims of this project is to print cell-laden constructs, the cells were
encapsulated on the hydrogel and a series of biological assessments were conducted to ensure
that the cells stay alive inside the hydrogel. Live /dead viability test was run to determine
the amount of live and dead cells at each time point. Additionally, Alamar blue test was run
to prove that the cells were metabolically active and to give more accurate methods to count

the number of cells at each time point that counting them through live/dead test.

3.3.1 Cell Culturing

Three prostate cancer cell lines were used: PC3, PNT2 and LN CaP. The cell lines
were cultured in F-12 Ham (used for PC3) and RPMI-1640 (used for PNT2 and
LNCaP). Both culture media have 5% Fetal Bovine Serum (FBS), 250 pL insulin and 1%
Penicillin /Streptomycin as supplements. 10 mL of the culture media was added to the defrost
cells, and confluent cells were washed with PBS and centrifuged at 214 g for 5 minutes.
Discarding the supernatant liquid and re-suspending the cell pellet in 10 mL of the culture

media. The cells were then incubated at 37°C in 5% COs.

3.3.2 Cells Encapsulation

The cultured prostate cancer cells with a cell density of 2x 106 cells per mL of the hydrogel
were suspended in 20 pL of the media. The cells were mixed homogeneously with the hydrogel
and plated into a six-well plate using two different methods:

1. Manual plating: Equal amounts of cell-laden hydrogels were manually dispensed into
a six-well plate using a positive displacement pipette. Afterwards, cell culture media was
added until complete submersion of the constructs was achieved and incubated at 37°C and
5% COaq. At specific time points (1 hour, 2 hours, 1 day, 3 days, and 7 days), the viability of
encapsulated cells was assessed using Live/dead viability test.

2. Bioprinting: The homogenous mixture of the hydrogel and cells was transferred to the
printing cartridge, and the printing then took place immediately in 6-well culture plates. The
resultant printed layer supplied with culture media. Incubation and viability test took place

in the same as the manual printing.
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3.3.3 Live/Dead Viability Test

Live/dead viability assay is a test used to evaluate the viability of cells and enables counting
of both live and dead cells. The assay is based on the use of two fluorescent dyes; one for live
cells and the other for dead cells. The dyes used in this research are calcein AM and Ethidium
homodimer-1 (other dyes are available and have the same working principle). Calcine AM is
a dye than can penetrate the cell membrane and dye the cytoplasm green. However, ethidium
homodimer-1 has the ability to dye the nucleic acid with red colour. The number of live
and dead cells can be counted using the images obtained from the fluorescent microscope
(Invitrogen Molecular Probes (2005); Louis and Siegel (2011). The LIVE/DEAD Viability
kit contains the reagent stock solutions Ethidium homodimer (EthD-1), and calcein AM. To
10 mL of sterile Dulbecco’s phosphate-buffered saline (D-PBS), 15 ul of 2 mM EthD-1 and 5
puL of 4 mM calcein AM were added and mixed well. The culture media was removed from the
well containing the construct, and it then washed with 2 mL of Dulbecco’s phosphate-buffered
saline (D-PBS). The amount needed of the stain (100 — 300 L if 48 or 96 well plates was used
and up to 1.5 mL if 6 - well plate was used) to cover the construct. Construct Incubation at
room temperature then took place for 20-30 min. EVOS fluorescence microscope was used to

view the labelled cells.

3.3.4 Cell Counting

The cells were counted using Fiji-image J software. After the counting, the area of each cell
counted was divided by the area of the real cell (calculated assuming that the cells are round
in shape) and the final number of cells was calculated. This is due to the inability of the
software of separating the bulk cells aggregations and counting them as one cell instead. The
area of the cells calculated using the average diameter found using the automatic cell counter

and found to be: PC3 = PNT2: 143.14 um? and LNCaP: 147.41 pm?.

3.3.5 Metabolic activity test

Alamar blue solution was used to test the metabolic activity of the cells after encapsulating
them in the hydrogel and printing them. Three different samples were prepared for the
test: 1) Printed constructs: 100 puL of Alamar blue was add to the media in the top of the
constructs and left in the incubator for 4 hours after covering the plate with aluminium foil
to avoid any contact of the stain with light. After 4 hours, 3 — 6 samples (100 pL each)
were placed in a 96 well plate, and the fluorescence intensity was determined by a fluorescent
plate reader. The excitation wavelength that the plates were exposed to is 530 nm, while
the emission wavelength is 590 nm. The average value was taken for each cell type. The

same samples are tested the same in different time points (1, 3, 7 and 14 days); 2) Positive
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control: the cells were seeded in the top of the hydrogel, and Alamar blue stain was added
similar to printed constructs; 3) Negative control: Also, the test was done for the hydrogel
itself without any cells to be used as a background (to be deducted from the values measured
for the cell-containing gels for that time point). The same experiment was repeated with a
different number of cells (2, 4, 6, 8 and 10 million) in 1 mL of the hydrogel and tested after
1 day. Beer-Lambert law was used to generate a straight line equation that helps to find the

number of cells at each time point.

3.4 Histopathology

Histopathology is the microscopic study of the changes and the abnormalities found in the
tissues caused by a disease. One of the common tests conducted in histopathology is examining
haematoxylin and eosin (H&E) stained tissue sections. In this research, H&E stained sections

will be focused on along with the phenotype expression test.

3.4.1 Embedding and cutting the constructs

The constructs, whether they are printed or placed manually in the plate, were embedded with
paraffin. The fixed samples were processed using ethanol solution to ensure the removal of
water. After dehydration, the samples are taken through the clearing process, in which xylene
is used to remove the ethanol. The last step is infiltration, where the xylene is replaced with
paraffin wax. The constructs were placed in a mould and filled with hot paraffin wax and then
it is cooled down so the wax hardens and can be trimmed easily. The embedded construct’s
blocks were placed securely in a microtome and sectioned at 5 um. The cut sections were
allowed to float in a warm water bath and lifted using a microscope slide or calcium fluoride

disk (in case they are used for FTIR imaging). The slides/CaF5 discs were then left to dry.

3.4.2 Staining the constructs with H&E

The Haematoxylin and Eosin dyes give the nuclei a blue/purple colour and the rest of the
tissue or hydrogel constructs varying shades of pink. The cut sections first were de-waxed in
xylene for 5 minutes, and then they were taken through descending grades of ethanol (100%
-70%) to water. The samples then stained with haematoxylin for 5 minutes and allowed to
blue in running water for another 5 minutes. After that, they were stained with Eosin Y for
2 minutes and then transferred to 3 different containers of 95% ethanol (1 minute each). The

sections then were taken into xylene (3 times) before they were coverslipped.
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3.4.3 Immunohistochemistry

The embedded sections were dewaxed using xylene and graded alcohols. They were then
placed into an endogenous block for 30 minutes. Antigen retrieval was performed next using
Protease K for 10 minutes at 37°C. Slides were then allowed to cool for 10 minutes. The slides
were then incubated with the primary antibodies overnight at 4°C. A HRP labelled secondary
antibody and DAB substrate was used. The slides were then counterstained with nuclear fast

red and coverslipped.

3.4.4 H&E and THC data analysis

Semi-quantitative analysis was performed using Fiji image following the method used by
Crowe and Yue (Crowe and Yue, 2019). The applied method used colour deconvolution and
for H&E samples, (H&E) has been chosen, while for IHC samples H&E DAB was chosen. The

same method as the reference then applied until the normalised stain intensity is calculated.

3.5 FTIR imaging

With the significant applications of FTIR described insubsubsectionBiomedical applications
of Hyperspectral imaging, using FTIR imaging is giving great opportunities for the analysis
of the printed constructs containing the hydrogel and the cells. The samples were scanned

after embedding and cutting them.

3.5.1 FTIR imaging of the cross-sections

The FTIR imaging data collected by a Varian 670 IR infrared microscope coupled to liquid
nitrogen cooled 128 x 128 MCT-FPA detector. The cut sections described on 3.4.1 were
placed in CaFs. The transmission mode was used with 128 x 128 scans were recorded with
a magnification of x 15. The image size was 740 pm x 740 um and the pixels 5.5 pm x 5.5
um. Both the background and samples were done with 576 scans. Each IR image resulted in

1 over the range 800 — 3800 wavenumbers.

16384 spectra with a spectral resolution of 5 cm™
The hydrogel spectra were determined after placing a little of the hydrogel between two CaFa

discs and scanned the same way.

3.5.2 Data processing

The data were processed through MATLAB software. All spectra were kept in the range 1000
— 3600. For the hydrogel and printed samples, a single mean spectrum of all spectra was
extracted. The mean spectrum was denoised and the COs signal was removed. For the seeded

samples, the spectra in the hydrogel side processed as the hydrogel, while the cells side, the
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cell finder algorithm was used to ensure having the cells spectra only. After that, the spectra
were denoised and the COs signal removed and finally, the mean spectrum was extracted.

Multivariate curve resolution(MCR): The second part of the processing is the use
of MCR as following: The data of Printed constructs (Cells-in-hydrogel) was cropped to the
range 1000 — 3800 wavenumbers. Then the minimum intensity was set to zero absorbance
and After that, RMieS with one iteration was applied.

The data of the hydrogel was cropped to the range 1000 — 3800 wavenumbers. Then
the minimum intensity was set to zero absorbance. The spectrum median spectrum then
calculated.

The data the hydrogel spectrum appended to the printed construct data. The non-
negativity constraint was set since the data was forced minimum of zero in an earlier step.
Normalisation of the data then took place. Finally, the Set the number of components was

set to two and the MCR was run.
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Optimisation of printing parameters

Introduction

Peptide-based hydrogels are self-assembled peptides with 3D nanofiber networks that are
prepared either using physical assembly or chemical and enzymatic cross-linking. They are
biocompatible, biodegradable with microporous structure and a high content of water deriving
from their building block consisting of amino acids. Additionally, they have the ability to
mimic natural proteins (Liu et al. (2019); Yadav et al. (2019)). The optimisation of printing
parameters was employed to ensure the generation of constructs with well-defined geometries
and dimensions. Because the printing of hydrogels is directly related to their rheological
properties, this optimisation study was conducted separately for all three types of hydrogels
employed in this project, namely alphal, alpha2 and alpha2*. Alphal is a neutral hydrogel
that has a storage modulus of 5 KPa with pH range 3.1 — 3.8. Alpha2, on the other hand,
is a charged hydrogel with storage modulus 10 KPa and pH range 3.1 — 4 and alpha2* is
a bespoke hydrogel with pH 3.7 — 4 provided to overcome the limitation of alpha2, which
will be described later on this chapter. It has the same chemistry as alpha2 with different
amino acids concentration. This chapter will investigate the mechanical properties of these
hydrogels, which includes the measurements of storage modulus, loss modulus and viscosity.

Furthermore, the steps of the optimisation of the printing parameters are explained.

4.1 Mechanical properties of peptide hydrogels

Mechanical properties of the hydrogels are important criteria to measure since they can be
used to judge the ability to use them for specific applications. An example of this is the use of
the gel as an extracellular matrix in which the cells have to be within a certain stiffness range,
that is important in regulating the cells’ adhesion and phenotype expression (Engler et al.

(2006); Haines-Butterick et al. (2007); Lee and Mooney (2001b); Yan and Pochan (2010)).
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The mechanical properties of the hydrogels can be measured using the same instrument
used to test the polymeric materials. The hydrogels, however, have a deformation that
can be measured as a function of time as well as the mechanical behaviour. Therefore,
the measurements of the mechanical properties are measured either in the time or frequency
domain (Oyen, 2014). The elastic properties of the hydrogels were measured using a rheometer
and applying Young’s modulus. This model gives the relationship between the applied force
to the hydrogel and its resultant deformation (Lee et al.; 2019) The mechanical properties of
these hydrogels were measured after hydrating them with the same amount of media used for
cell encapsulation. The use of this amount of media will ensure that the measured properties
are as close as possible to the real printing application (cell-laden hydrogels). Since the model
will be built by encapsulating the cells in the hydrogel and printing them, and the culture
medium will be added immediately after the printing. The medium then will ensure the cells
are provided with the needed nutrition to survive and proliferate afterwards. Hence, there is
no interest in measuring the mechanical properties of the dry hydrogels. Furthermore, due
to the difference in the ion content of the media, the properties will differ, resulting in the
test being conducted with the two media used for the cell lines used in the research (RPMI
1640 and F-12 Ham). Testing the mechanical properties of the hydrogels took place after
leaving them in the media for 24 hours. The storage modulus (G’) and the loss modulus (G”)
were measured for the hydrogels: alpha 1, alpha 2 and two batches of alpha2*. The time
difference between the purchase of the two different batches and conducting the test is eight
months for the first batch and three months for the second. The test result is illustrated in
Figures 4.1 and 4.2. Surprisingly, the difference between the two batches of alpha2* hydrogel
is very significant, although the shelf life of the hydrogel is up to 18 months, according to the
company. The storage modulus results as shown in figures 4.1 and 4.2 indicate that alpha2*
has a higher ability to store the deformation energy compared to alphal and alpha2. Despite
the decrease in the storage modulus of alpha2* with time, it is still the highest compared to

the other two hydrogels used in this research.
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G' and G" for different hydrogels in RPMI11640 media
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Figure 4.1: Storage modulus and loss modulus as a function of oscillation strain (%) of the

hydrogels alphal, alpha2 and the two batches of alpha2* in RPMI-1640 medium.

G' and G" for different hydrogels in F-12 Ham media
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Figure 4.2: Storage modulus and loss modulus as a function of oscillation strain (%) of the

hydrogels alphal, alpha2 and the two batches of alpha2* in F-Ham 12 medium.

Storage modulus is a key indicator for the cross-linking and swelling degree of the
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hydrogels. High storage modulus is caused by a high degree of cross-linking, which on the
other hand, restricts the swelling of the hydrogel. in contrast, loss modulus (G”) measures
the lost deformation energy or dissipated energy and shows the flow property of the material.
Measuring the mechanical properties of the hydrogels after the hydration with media shows
the significant effect of each media on those properties. As the content of the media differs,
the ions will affect the hydrogel differently. The study made by (IKoch et al., 2018) on the
effect of buffer composition on the mechanical properties of peptide hydrogels shows that a
significant increase in storage moduli is observed when divalent ions are used to prepare the
buffer compared to when monovalent ions are used. This study concentrates on the effect
of the media used for the cells, which were encapsulated on the hydrogel. Comparing the
fact that storage modulus increases with the use of divalent ions on the buffer, with the use
of different media (RPMI1640 and F-12 Ham), it has been found that the media with more
divalent ions (F-12 Ham) has a higher effect on the storage modulus for all three hydrogels.
Table 4.1 shows the storage and loss modulus for the hydrogels in the two media at oscillation
strain 1 Hz and the difference factor between the two media. Both storage and loss modulus

found to be higher when F-12 Ham used by the stated factor in the table below.

Table 4.1: The difference in storage modulus and loss modulus between the hydrogel with

F-12 Ham and RPMI-1640 media.

Alpha2* P2 | Alpha2* P1 | Alpha2 | Alphal
Storage modulus

21100.1 12537.3 13359.5 | 6926.93
in F-12 Ham
Storage modulus

12352.1 7122.21 4875.99 | 4800.55
in RPMI-1640
Factor of storage

1.71 1.76 2.74 1.44
modulus
Loss modulus

3952.54 2168.5 2335.29 | 1320.51
in F-12 Ham
Loss modulus

2374.35 1146.47 836.18 953.8
in RPMI-1640
Factor of loss

1.66 1.89 2.79 1.38
modulus

The curve of G’ and G” starts as a flat line with G’ higher than G”, which indicates the
elastic behaviour of the hydrogel. This flat line of the curve gives a constate ratio between G’
and G” in an area that is called Linear-ViscoElastic Region (LVER). This region ends when
the ratio starts to vary and become lower with higher shear stress; in other words, the material

begins to flow (Bergstrom and Brown, 2005). The size of the LVER can indicate whether the

75



material is ductile or brittle since large LVER means the material can store the deformation
and so it is ductile, while small LVER means the material has a lower ability to store the
deformation and so it can be said it is brittle. Comparing the LVER of the used hydrogels,
the difference in the size of the region is small, concluding that this region cannot be used for
the elasticity prediction. The same effect was seen in both media. Another important value
shown in the curve is the hydrogel breakpoint, which are the points where G’ = G”. This is
the transition point between elastic and liquid behaviours. The breakpoint for each hydrogel
found to be higher with F-12 Ham than with RPMI-1640 except for alphal, in which the
media has a very limited effect. Table 4.2 shows the breakpoint values for the hydrogels in
both media.

Table 4.2: The hydrogels G’ and G” at the breakpoint in RPMI-1640 and F-12 Ham media
Alpha2* P2 | Alpha2* P1 | Alpha2 | Alphal

RPMI1640 | 2808.73 1566 826.80 1447.12

F-12 Ham | 3336.13 1643.51 1226.09 | 1430.47

The viscosity of the hydrogels was measured as a function of shear rate. The obtained

results are shown in Figures 4.3 and 4.4.
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Figure 4.3: The viscosity of the hydrogels in RPMI-1640 media.
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The viscosity of alphal,2 and 2* in F-12 Ham media
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Figure 4.4: The viscosity of the hydrogels in F-12 Ham media.

The general trend of the hydrogels shows shear thinning behaviour. Alpaha2* P2 has the
highest viscosity while alpha2 is the lowest for both media. Figure 4.5 shows a closer look at
the effect of the media in each hydrogel. The difference in the viscosity of the hydrogels in

different media was minimal.
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Figure 4.5: The effect of the media on the viscosity of the hydrogels.
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4.2 Optimisation of 3D Discovery printing parameters

The printing process was performed using an Additive Manufacturing (AM) system called 3D
Discovery bio-printer. The optimisation process aimed to investigate the influence of different
process parameters and to determine the optimal printing conditions for the production of
3D cell-laden constructs with well-defined geometries and dimensions. The constructs were
designed using BioCAD software. Initially, the constructs were designed as a disc-shape with
a 500 wm layer thickness and 1 mm height. During the printing process, a 300 um nozzle
was used and the parameters: Extrusion Pressure (EP), Deposition Velocity (DV), Dosing
Distance (DD) and Valve Opening Time (VOT) were modified in order to obtain the required
constructs. The hydrogel used for the optimisation process was mixed with 2 x1075 (20
uL) of the media (the same amount used for encapsulating the cells on the hydrogel) to get

constructs with the same conditions as printing them with the cells.

4.2.1 Optimisation of 3D Discovery parameters for PG alphal

The following optimisation was done for the hydrogel alphal in order to get well-defined

constructs.

4.2.1.1 Extrusion Pressure (EP)

The optimisation of the extrusion pressure is significant due to the need for maintaining the
amount of extruded hydrogel that gives the required shape. Setting the parameters constant
at DV = 0.01 m/s, VOT =1 x 1073 s, DD = 1 x 107 m and varying the EP between
6 x 10* Pa and 2 x 10° Pa, different hydrogel-based constructs were obtained (Table 3).
The obtained results demonstrate that by increasing the pressure, the volume of extruded
material also increases hence affecting the diameter of printed hydrogels. The calculation
of the filament diameter or Road Width (RW) and filament gap show whether or whether
not having a reasonably good extrusion rate, which gives a well-defined construct. At low
pressure, namely 6 x 10* Pa, the Road Width RW and pore size could not be measured
due to the discontinuity of the deposited hydrogel. Increasing the pressure to 1 x 10° Pa the
printed filament started to get the shape, but the volume of dispensed material was too much.
As the pressure increased to 2 x 10° Pa, the printed filaments were continuous, but filament
gab and diameter could not be measured due to the excessive amount of extruded material.
Other values of pressure were tested but it was not possible to obtain well-defined constructs
in a continuous process. Therefore, the rationale for the optimisation was to use the pressure
(1x10° Pa) that allow for continuous printing and try to reduce the volume of material by

controlling other parameters such as DV, VOT and DD.
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Table 4.3: The calculated filament diameter or road width (RW) and filament gap at each

pressure value along with the final comment on whether the filament continuous or not

EP (Pa) | RW Filament gap continuous | Construct image
2x10° 2.75%x10° m 0 Yes
1x10° 1.40x10° m 5.1x10“% m Yes '
Cannot be Cannot be —
6x10°* No o
measured measured i
= i

4.2.1.2 Deposition Velocity (DV)

Applying a constant pressure of EP = 1 x 10° Pa, VOT = 1.2 x 1072 s, DD = 1 x 1074
m and changing the DV between 0.008 m/s and 0.015 m/s it was possible to determine the
influence of DV on the dimensions and accuracy of printed constructs (Table 4.4).

By increasing the deposition velocity, it is possible to reduce the dimension of the filament
diameter by reducing the volume of material per unit of length. Also, the stretching effect
on the deposited material contributes to reducing the diameter of the filaments. From the
obtained results, it is possible to observe that the best structures were obtained at high DV
(0.015 m/s). However, the definition of the pores and filaments was still far from ideal as the
volume of material was too high. Higher values of DV were tested, but the process became

non-continuous.
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Table 4.4: The calculated filament diameter or road width (RW) and filament gap at each

deposition velocity value along with the final comment whether the filament continuous or

not.

DV/(m/s) | RW Filament gap Continuous? | Construct image
Cannot be Cannot be

0.008 Yes s,
measured measured
Cannot be Cannot be

0.01 Yes
measured measured

0.015 2.13x10° m 0 Yes

4.2.1.3 Dosing Distance (DD)

The effect of Dosing Distance (DD) on pore size and filament diameter was evaluated by
keeping constant DV = 0.01 m/s, VOT = 9 x 107* s, EP = 24 x 10° Pa and varying
DD between 1.9 x 107% m and 2.7 x 10~* m. Obtained results are illustrated in Table
4.5. Increasing the dosing distance is basically increasing the distance between the dispensed
portions hence reducing the amount of printed material per unit of length. At DD = 1.9 x
10~* m, the amount of dispensed material was too high and filament diameter and pore size
calculations were unavailable. Increasing the DD to 2x10™* m allowed less material to be
printed and the shape was clearly better defined. However, the dimensions of both pore size
and filament were still far from ideal pre-defined values. Increasing the DD up to 2.5 x 1074

m and 2.7 x 107% m resulted in non-continuous filament deposition.
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Table 4.5: The calculated filament diameter or road width (RW) and filament gap at each

dosing distance value along with the final comment whether the filament continuous or not.

DD(m) RW Filament gap | Continuous? | Construct image
1.9x10* 2.73x10° m0 0 Yes
2x10* 1.13x10%m | 8.3x10*m Yes
. Cannot be Cannot be
2.5x10 No
measured measured
. Cannot be Cannot be
2.7x10 No
measured measured

4.2.1.4 Valve Opening Time (VOT)

The effect of VOT on the printing process was evaluated by keeping constant the DV = 0.01
m/s, DD = 1 x 107* s, EP = 2 x 10° Pa and varying VOT between 5 x 107 s and 3 x
103 s. Obtained results are illustrated in Table 4.6.

Increasing the valve opening time means leaving the microvalve of the printing head opened
for long periods hence allowing larger volumes of material to be dispensed. Going from 3 x
1073 sto1 x 1073 s and then to 5 x 10~ s shows this effect. The shape is not distinct at 3
x 1073 s, but it became better at 1 x 1073 s. At 5 x 107* s, the shape of the filament was
very clear and the calculated values of filament diameter and pore size reflect a much better

accuracy of the system.
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Table 4.6: The calculated filament diameter or road width (RW) and filament gap at each

dosing distance value along with the final comment whether the filament continuous or not.

VOT (s) | RW Filament gap Continuous? | Construct image
3x10° Cannot be Cannot be Yes

measured measured
1x10°  [2.11x10°m [ 4.6x10"m Yes E
5x10* [8.8x10"m 1.17x10° m Yes

)

The optimisation process for the 3D printing of hydrogel constructs is indeed very
challenging and the effect of different process parameters on the dimensions and geometries
need to be studied carefully. During this process, other values were tested in order to
obtain well-defined constructs with good geometrical and dimensional accuracy. The Optimal

parameters for the 3D printing of cell-laden hydrogel constructs are in illustrated Table 4.7.

Table 4.7: The Optimal parameters for the 3D printing of cell-laden hydrogel constructs for

alphal.
Parameter | EP (Pa) | DV (m/s) | DD (m) | VOT (s)
Value 6 x 104 0.01 1x1074 | 1.5 x 1074

A study done by (Raphael et al., 2017) shows the optimal printing parameters for alphal

using the same bioprinter (3D Discovery) as following:

Table 4.8: The Optimal parameters for the 3D printing of cell-laden hydrogel constructs for
alphal (literature).

Parameter | EP (Pa) | DV (m/s) | DD (m) | VOT (s)
Value 1x10° | 0.01 1x107* | 3x107*

The difference in the obtained parameters between Raphael et al., and this study might be
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due to the batch to batch variation, which was one of the problems faced when the company
started to sell these types of hydrogels. Another reason is the period between the purchase of
the hydrogel and the printing, which has been proven to affect the mechanical properties as
shown above for alpha2* and so the printing parameters will change. Different media added
to this hydrogel and did not affect the printing parameters and the parameters were found to

the same with and without media.

4.2.2 Optimisation of 3D Discovery parameters for alpha2 and alpha2*

The parameters of both alpha2 and alpha2* were obtained based on Alpha 1. Since alpha2
has the lowest viscosity, as shown in Figures 3 and 4, it flows more and finding an excellent
geometrical construct was challenging. Comparing to alphal, adding culture medium makes a
difference in the parameters, so the optimisation was done with the culture media on. Different
culture media gives the same parameters. The same behaviour was seen with alpha2* as well
except that the printed constructs have much better geometry that alpha2, which is due to the
high viscosity of alpha2*. The optimal parameters were found to differ between alpha2*P1 and
2 and that might be due to the change in viscosity between the two. The optimal parameters
obtained for alpha2, alpha2* P1 and alpha2* P2 with the photos of the printed constructs at

the optimal parameters are shown in Table 4.9

83



Table 4.9: The Optimal parameters for the 3D printing of cell-laden hydrogel constructs for
alpha2 and the two batches of alpha2*.

Parameter | EP (Pa) DV (m/s) DD (m) VOT (s)

Alpha2 6x10* 0.01 8x10” 9.5x10™ E

Alpha2*
pp1 6x10* 0.01 1x10* | 7x10*
g
Alpha2* :
ppz 6x10° 0005 | 1.3x10* | 2x10* \ gl

With the variations in the mechanical properties and the printing parameters of the
different batches of alpha2* hydrogel, the cells encapsulation, printing and assessment all
took place for hydrogel batches with almost up to three months period from the purchase

time.

4.3 Conclusion

The study of the mechanical properties of the hydrogels and the optimisation of their printing
parameters is crucial to investigate the ability to build a model that enables the study of
prostate cancer. This chapter aims to examine the storage modulus, loss modulus and viscosity
of the hydrogels (alphal, alpha2 and alpha2*) with the use of the RPMI-1640 and F-12 Ham
media. Moreover, the optimal printing parameters of these hydrogels are explored.

The use of media on the hydrogels was found to have a massive effect of their elasticity,
yet does not affect their viscosity. To the best of our knowledge, this is the only study that
studies the effect of different media on the mechanical properties of this type of hydrogels.

This suggests that the composition of the media used in this research has a direct effect on
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the hydrogels’ elasticity. These findings require more investigations in order to confirm the
effect of the media on the mechanical properties of the hydrogels.

During the optimisation process of the printing parameters of the hydrogels (alphal,
alpha2 and alpha2*), the hydrogel’s viscosity found to affect the printing process in order
to a well-defined geometrical construct. The study indicates that the least viscous hydrogel
(alpha2) was the most challenging in obtaining the optimal printing parameters. Nevertheless,
the viability of the cells in alpha2 was still examined to optimise the best environment for

cells’” survival. The viability test of the used hydrogels is described in chapter 5.
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In Vitro Biological Assessment of Cell

Viability and Metabolic Activity

Introduction

ExtraCellular Matrix(ECM) is a complex non-cellular network composed mainly of protein,
glycosaminoglycan, and glycoconjugate (Fajardo et al. (2016); Frantz et al. (2010); Gough
et al. (2012)). Manchester BioGel company hydrogels are made in order to mimic the ECM.
No previous study has directly investigated the use of these peptide hydrogels as an ECM
for prostate cancer cells. In this chapter, biological assessment of the use of these hydrogels
(alphal, alpha2 and alpha2*) as ECM for three prostate cancer cell lines, PC3, LNCaP and
PNT2 are discussed. The key research question of this study was whether or not the cells
are viable in the different hydrogels used and whether the cells are proliferating or not. The
biological assessments that will be discussed in this chapter are the adhesion test, live/dead

viability test and metabolic activity test.

5.1 Adhesion of Cells in the Hydrogel

Cells adhesion is their ability to stick to the extracellular matrix or other cells or even the
well plate surface when cultured in a two dimensional (2D) system. The importance of cell
adhesion comes from its significant role in the communication and signalling between the cells
as well as the maintenance and the development of the tissues (Khalili and Ahmad, 2015).
Cancer cells, on the other hand, are found to have abnormal cell adhesion, which affects the
morphogens and the biological characteristics of the cells. The adhesiveness of cancer cells is
much lower than it is in healthy cells and this allows them not to follow the regular signalling
between the normal cells. The regular signalling of the cells maintains the social order of the

cells and the case of cancer it is lost and so the histological structure found destroyed in the
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malignant (Hirohashi and Kanai (2004); Khalili and Ahmad (2015). The adhesion of prostate

cancer cells was studied by seeding the cells in the top of the hydrogels alphal and alpha2.

5.1.1 2D cell adhesion and viability

PC3 cells were directly seeded on top (2D) of the alphal hydrogel previously deposited on
the bottom of 6-well culture plates and allowed to settle down for 24 hours. The microscopic
images of the well containing the hydrogel and the cells are shown in Figure 5.1 (a & b).
Interestingly, the cells were seen attaching exclusively on the well-plate and not on the
hydrogel. In order to confirm this observation, a live/dead test was performed and the result
is shown in Figure 5.1 (¢). The live cells were surrounding the hydrogel and none of them
was in the hydrogel. This test supports the idea that cells were adherent to the surface of the
plate but not the hydrogel.

HYDROGEL

Figure 5.1: Microscopic image of the seeded cells in alphal hydrogel (a and b) where the cells
are seen in the plate only. The viability test result (c) shows the cells stained in green for live
cells with no sign for cells in the hydrogel, neither live (stained green) nor dead (stained red).

The scale in the images is 2000 um

Further investigation was carried out by forcing the cells to attach to the hydrogel. For

that purpose, the wells were covered completely by the hydrogel and no spaces were left on
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the bottom of the well plate for the cells. In this second experiment, three cell lines were
used, namely PC3, PNT2 and LNCaP. An additional sample was prepared by culturing the
cells in the well plate as a positive control with no hydrogel to allow the comparison of
the different samples with the cells only and ensure live cells were used. The microscopic
images of the seeded cells on top of the hydrogel and the cultured cells are shown in Figure
5.2. The difference between the cells only and cells on top of hydrogels can be seen clearly.
The appearance of the cells on the surface of the plate shows that the cells were alive and
adherent to the plate surface; however, they were not seen on the surface of the hydrogel. The
hypothesis that will be tested is the influence of the hydrogel acidity on the low adhesion of
the seeded cells. Since the hydrogel has a pH range of 3.1 — 3.8, it is suggested that it might

have an effect on the cells adhesion.

PC3 PC3 Cells-no Hydrogel

LNCaP LNCaP Cells-no Hydrogel

PNT2 PNT?2 Cells-no Hydrogel

Figure 5.2: Microscopic images of the seeded cells in alphal and the one with no hydrogel. The

images for each cell line are from replicated experiments.

Opportunities to investigate the effects of the hydrogel acidity on the adherent cells, the
hydrogel was neutralised before seeding the cells. Alphal hydrogel was neutralised by adding
culture media on top of the hydrogel and allowed to settle for 24 hours prior to cell seeding.

No significant difference was seen on the microscopic images (Figure 5.3) of the neutralised
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hydrogel seeded with prostate cancer cells. The cells also were not seen in the surface of the
hydrogel. These results suggest that alphal hydrogel does not have the ligands (binding sites)
that prostate cancer cells need to attach or bind to. Based on these results, alphal hydrogel

was replaced by a more cell-adhesive hydrogel (alpha2) and the experiments repeated.

PC3

PNT2

Figure 5.3: Microscopic images of the seeded cells in neutralised alphal.The images for each

cell line are from replicated experiments.

Prostate cancer cells were seeded on top of alpha2 hydrogel in a similar process to alphal.
The microscopic images of both normal (Figure 5.4) and neutralised (Figure 5.5) hydrogel
show that the cells of all cell lines are adherent to the surface of the hydrogel.
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LNCaP

Figure 5.4: Microscopic images of the seeded cells in alpha2, showing the cells on top of
the hydrogel. The scale bar is 1000 um. The images for each cell line are from replicated

experiments.
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PC3

LNCaP

PNT2

Figure 5.5: Microscopic images of the seeded cells in neutralised alpha2, showing the cells on
top of the hydrogel. The scale bar is 1000 wm.The images for each cell line are from replicated

experiments.

All prostate cancer cell lines used in this research (PC3, PNT2 and LNCaP) are found
to be non-adherent to alphal and adherent to alpha2 regardless of the neutralisation of the
hydrogels. Research on seeding cells on the hydrogels is limited, and none was found with
prostate cancer cells. One of the studies that was successful in seeding cells in the top of the
hydrogel is Faroni et al. Study. The study shows the viability of human adipose-derived stem
cells (hADSCs) seeded on both alphal and alpha2. Their test shows that cells have different
morphology in which rounded shape is seen for cells seeded in alphal while the cells seeded
in alpha2 had spindle shape. The spindle shape, though was the shape of the cells when
they were cultured in a plastic well plate. Additionally, the motility of cells was found to be

higher when they are seeded in alphal rather than alpha2. The first suggested reason behind
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the change in the effect of the two gels on the cells motility, proliferation and phenotype
differentiation is the stiffness of the gels, and it has a marginal impact. The second reason
is the charge, and it is found to lead to differences in the mechanical properties of the gel

(Faroni et al., 2019).

5.2 3D cell viability

Cell viability can be defined as the count of the number of healthy cells within a specific
sample. The proliferation, though, can be measured by repeating the test over different time
points. There are various methods available to test the viability of cells, such as trypan blue,
live/dead assay, Alamar blue and Raman microscopy. The choice of the right test usually
depends on the cost and the speed of the test, along with the test complexity of the method

and equipment and the aim of the analysis.

5.2.1 Live/Dead Viability Test

Live/dead viability assay is a test used to determine the viability of cells and enables counting
both live and dead cells. The viability of the cells is determined based on the plasma membrane
integrity and esterase activity of cells. The test differentiates the live from dead cells by
indicating the intracellular esterase activity of the live cells, which will be stained green by
calcein-AM to and indicating the loss of plasma membrane integrity in dead cells and stain
them red with ethidium homodimer-1. The test was performed for cells in different conditions;
manual encapsulation without printing to avoid the shear stress and the printed constructs.
All the three cell lines (PC3, PNT2 and LNCaP) were tested in the three different hydrogels

(alphal, alpha2 and alpha2*). The various test results are discussed in the next subsections.

5.2.1.1 Cells Encapsulation with Manual Printing

Although the cells were found not to be adherent the surface of alphal, it is still reasonable
to encapsulate the cells in the hydrogel and investigate their viability. It is thought that cells
might react differently when they are encapsulated in the hydrogel rather than seeded in the
top of it. The cells encapsulation was done manually, as described in chapter 3.3.2. PC3 cells
were encapsulated in alphal hydrogel and the live/dead test was performed after one hour of
the encapsulation. The choice of one hour as the period for the test is to find the response
of the cells after a short period of encapsulation. Also, to check whether the cells were able
to adapt the new environment and can stay alive with the fact that they are not adherent to

the surface of this gel. The resulted images are shown in Figure 5.6.
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Figure 5.6: Live/dead viability test result (fluorescence images) for PC3 cells encapsulated in
alphal and placed in the well plate manually.The scale in the images is 400 pm. The images

were taken from replicated experiments.

Figure 5.6 shows the presence of both green (indicating live cells) and red (indicating dead
cells) colours. Additionally, the yellow colour was noticed, which is believed that caused by
the presence of live and dead cells on top of one another. In order to get a better sense of this
finding, the estimated percentages of live and dead cells was calculated. Image J was used to
calculate the number of live and dead cells after separating the green and red colours in each
sample (see section 3.3.4. The percentages found through this part are not 100 % accurate
since cells are growing in 3D and not all the layers can be seen through this microscope. The
calculated percentages showed that the percentage of dead cells was high with 53 %, while
the percentage of live cells was 47%. The significance of this result comes from the ability of
the cells to live inside the hydrogel even if they are not adherent to its surface. This result
is encouraging to go forward to the printing with a bio-printer. Further investigations were
done with the printed samples since it is important for the cells not to be affected by the
shear stress when they are printed and considering that cells will require more than 1 hour
to adapt to a 3D environment. The printed (using a bio-printer) are far more important in
order to get reproducible constructs with the same structure.

The same concept that has been followed in alphal hydrogel was followed for alpha2. With
the fact that cells are adherent to the surface of alpha2 hydrogel, the test has been widened
to include all three cell lines and the assessment of the viability of the cells was performed at
different time points. PC3, LNCaP and PNT2 cells were encapsulated on the hydrogel, and
live/dead viability test was performed after 1, 3, 7 and 14 days. Compared with PC3 cells in

alpha2, the same cell line in alpha2 shows more viable cells. The estimated percentage of live
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cells increases from 72% on day 1 to 94 % on day 14 (see Table 5.1). The microscopic images
of PC3 cells in alpha2 at different time points are displayed in Figure 5.7. This indicates how

PC3 cells were able to adapt the environment of alpha2 hydrogel.

Table 5.1: The estimated percentages of live and dead cells for PC3, LNCaP and PNT2 after

1, 3, 7 and 14 days.
day 1 day 3 day 7 day 14

Live | Dead | Live | Dead | Live | Dead | Live | Dead

PC3 72 28 76 24 89 11 94 72

LNCaP | 86 14 67 33 82 18 49 86
PNT2 93 7 76 24 94 6 87 93
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PC3 after 1 day

PC3 after 3 days

PC3 after 7 days

PC3 after 14 days

Figure 5.7: Live/dead viability test results (fluorescence images) for PC3 cells encapsulated
in alpha2 at different time points.The scale in the images is 100 pm. The images for each

time-point are from replicated experiments.

Interestingly, the LNCaP cells interact differently in which more dead cells were seen in
the samples and the estimated percentages show that there was a fluctuation in the number
of live and dead cell over time. The images resulted from the live/dead test can be seen in
Figure 8 and the estimated percentages are illustrated in Table 5.1. On day 14 the percentage
of dead cells found to be more than 50%. This fluctuation might be explained by the sensitive

nature of LNCaP cells compared to the other cell lines. Further studies need to be done to
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find the time needed for LNCaP cells to adapt this environment fully or they might collapse
and die after some time. The third cell line PNT2, is found to adapt the hydrogel environment
and the estimated percentage of live cells was higher than the dead cells in all tested time
points. Cells were proliferating and reaching almost 87% by day 14. Figure 9 shows the
images resulted from the live/dead test for PNT2 and the percentages of the live and dead

cell can be seen in Table 5.1.
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LNCaP after 1 day

LNCaP after 3 days

LNCaP after 7 days

LNCaP after 14 days

Figure 5.8: Live/dead viability test results (fluorescence images) for LNCaP cells encapsulated
in alpha2 at different time points. The scale in the images is 100 um. The images for each

time-point are from replicated experiments.
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PNT2 after 1 day

PNT?2 after 3 days

PNT2 after 7 days

PNT?2 after 14 days

Figure 5.9: Live/dead viability test results (fluorescence images) for PNT2 cells encapsulated
in alpha2 at different time points. The scale in the images is 100 um,The images for each

time-point are from replicated experiments.

Overall, the results of encapsulating prostate cell line in alpha2 hydrogel indicate that this
hydrogel can work better than alphal and the cells were able to survive for at least 14 days.
The reader, though, should bear in mind that this test was done with manual printing. The
effect of the hydrogel on cells proliferation might not be the same when the hydrogel printed

by a bio-printer due to the other factors affecting the viability of the cells, such as shear stress.
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A detailed analysis of Live/dead viability test results of the printed samples is given in the

next section.

5.2.1.2 3D bio-printing and in vitro cell viability

The printing process was implemented using 3D Discovery bioprinter. 2 million cells were
encapsulated in 1 mL of the hydrogel following Raphael et al. in their study (Raphael et al.,
2017). With alphal hydrogel, both one layer and four layers constructs were printed and the
viability of the cells was measured with the live/dead assay test. The printing process added
shear stress to the equation, so it is expected to see some differences from the manual printing.
The test firstly is done with PC3 cells and the viability test results after one hour, 2 hours
and 1 day are shown in Figures 10, 11 and 12. Interestingly, the number of living cells after

one hour was higher (Figure 5.10). The estimated number of live cells is 54%. Dead cells were

mainly concentrated on the sides of the hydrogel.

Figure 5.10: Live/dead viability test result (fluorescence images) for the printed construct of
PC3 cells and alphalafter one hour of incubation. The scale in the images is 2000 um. The

images are from replicated experiments.

After 2 hours of incubation, more cells were found dead. In each sample, some areas
contain only dead cells and others still have live cells with the domination of the dead cells
(Figure 5.11). The estimated percentage of live cells drops to 35.57%. A possible explanation

for this might be that the cells undergo apoptosis signalling and consequently cell death.
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Figure 5.11: Live/dead viability test result (fluorescence images) for the printed construct of
PC3 cells on alphal after two hours of incubation. (a) and (b) are different areas of the same

sample. The scale in the images is 1000 pm for (a) images and 2000 pm for (b) images

The application of the viability test after one day of the incubation shows that a very
high percentage of cells were dead and less than 3% of cells were alive (Figure 5.12). The

Apoptosis signalling seems the most appropriate explanation for it

100



Figure 5.12: Live/dead viability test result (fluorescence images) for the printed construct of

PC3 cells on alphal after one day of incubation for the three samples. The scale in the images

is 2000 pm

A significant problem was found when printing the constructs with alphal is the loss of
parts of these construct as they found floating in the culture media. The amount of these
constructs left, though, was enough to go through the viability test and find the estimated
number of live and dead cells. On the other hand, printing four-layer constructs using alphal,
showed the domination of dead cells as shown in Figure 5.13 with a percentage of 98. This
might be due to the long time for the nutrients to reach all the cells within the layers of
the hydrogel after longer printing time (compared to one layer printing). The printing time,
starting from encapsulating the cells until the addition of the media to the construct after

printing, for one layer is 2-5 min, while for four layers, it is 7-10 min.

Figure 5.13: Live/dead viability test result (fluorescence images) for PC3 cells encapsulated

in alphal and printed in 4 layers.The scale in the images is 400 pm. The images are from

replicated experiments.

This result suggests the attention has to be drawn to the one layer construct to be
optimised first and only then the four layers construct can be built and tested. Having

the focus to be on the one layer construct The interaction of the three cell lines (PC3, LNCaP
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and PNT2) in PG alphal was studied by printing them and testing their viability (PC3 was
repeated along with LNCaP and PNT2). The same previous method and printing parameters
were used. Live/dead test was done after one hour and one day of incubation. The estimated
percentages of the live and dead cells are illustrated in Table 5.2. What stands out in this
table is the dominance of dead cells. Figure 5.14 shows the images taken for the live/dead
test for all three cell lines. Surprisingly, most of the PC3 cells were found dead even after one
hour (less than 2% were alive). The difference in these results each time the test was repeated
might be because of the variation from one batch to another. In all cases, though, the cells
were not able to stay alive for 24 hours. The number of live cells for PNT2 and LNCaP was

also small and did not exceed 6%.

Table 5.2: The percentage of live and dead cells for PC3, LNCaP and PNT2 after one hour

and one day.

% of cells after one hour | % of cells after one day
Live | Dead Live | Dead

PC3 2 98 3 97

LNCaP | 6 94 4 96

PNT2 4 96 ) 95

Despite the repetition of the experiment, the estimated percentages of live cells of the

three cell lines were very low.
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PC3 after 1 hour

PC3 after 1 day

LNCaP after 1 hour

LNCaP after 1 day

PNT?2 after 1 hour

PNT2 after 1 day

Figure 5.14: Live/dead viability test results (fluorescence images) for PC3, LNCaP and PNT2
cells encapsulated in PG alphal afterl hour and 1 day of incubation. The scale in the images

is 2000 pm. The images for each time-point are from replicated experiments.

103



The experimental data suggested that alphal is not suitable for the growth of prostate
cancer cells and cannot be used to build the model to study the effect of the microenvironment
in tumour progression. However, different types of cells (other than prostate cancer cell) were
found to be viable in alphal, such as mammary epithelial cells, according to Raphael.et al in
their study. They found the cells to have a high level of viability of cells and proliferation of
cells was proved (Raphael et al.; 2017).

Cells encapsulation in alpha2 with 3D Discovery printing

The three cell lines (PC3, LNCaP and PNT2) were printed after encapsulating them in
alpha2 hydrogel using the optimised parameters showed in Table 4.9. Figures 5.15, 5.16 and
5.17 show the viability test result for PC3, LNCaP and PNT2, respectively. The figures
indicate the time scale viability test result (1, 3, 7 and 14 days) for each cell line. Cells
clusters are seen to increase with time, which gives an indication of the proliferation of the
cells. Live cells were dominant with estimated percentages higher than 85% for all cell lines

in all-time points (except PNT2 day 1), as shown in Table 5.3.

Table 5.3: The estimated percentage of live and dead cells for PC3, LNCaP and PNT2 printed

with alpha2 hydrogel at each time point.
day 1 day 3 day 7 day 9

Live | Dead | Live | Dead | Live | Dead | Live | Dead

PC3 87 13 93 7 95 5 90 10

LNCaP | 87 13 90 10 89 11 89 11

PNT2 83 17 88 12 89 11 88 12
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PC3 after 1 day

PC3 after 3 days

PR
_ "‘-. ._j‘\.i'_'.

PC3 after 14 days

Figure 5.15: Live/dead viability test results (fluorescence images) for PC3 after 1, 3, 7 and
14 days of incubation. The scale in the images is 2000 um. The images for each time-point

are from replicated experiments.
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LNCaP after 3 days

LNCaP after 7 days
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LNCaP after 14 days

Figure 5.16: Live/dead viability test results (fluorescence images) for LNCaP after 1, 3, 7 and
14 days of incubation. The scale in the images is 2000 um. The images for each time-point

are from replicated experiments.

106



PNT?2 after 14 days

Figure 5.17: Live/dead viability test results (fluorescence images) for PNT2 after 1, 3, 7 and
14 days of incubation. The scale in the images is 2000 um. The images for each time-point

are from replicated experiments.

Alpha2 hydrogel makes a good environment where prostate cancer cells (PC3, LNCaP and
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PNT?2) to survive and proliferate in. The most obvious finding to emerge from this study so far
is that alpha2 is a more reliable hydrogel for the cells to work with. The only limitation to this
hydrogel is the inability to control the printed construct in which a well-defined structure will
be printed. The next section illustrates the viability test of the cells after their encapsulation
in alpha2*, which has been found earlier to have the ability to print it with better shape
fidelity.

Cells encapsulation in alpha2* with 3D Discovery printing

The investigation of how cells interact with alpha2* starts with PC3 cells and then it
moves forward with LNCaP and PNT2. The constructs were printed with the optimal printing
parameters (for alpha2* P1) shown in Table 4.9. The use of these parameters was due to the
fact that the hydrogel was used almost within the first three months after the purchase. The
live/dead test images are shown in Figures 5.18, 5.19 and 5.20 for PC3, LNCaP and PNT2,
respectively. PC3 and PNT2 cells follow the same trend as with alpha2; however, LNCaP
shows an interesting result with a fluctuation through the four time-points. This result can
be seen in images since the green colour (which represent the live cells) is not showing the
trend of PC3 and PNT2. The estimated percentage of live cells shows an increase to a very
high percentage in day 3, followed by the lowest percentage at day 7 and then a small increase
on day 14. LNCaP cells were known to be the most sensitive cell line among those used and
it seems that the cells were fighting for their lives. The reason for this is not clear but it
may have something to do with the sensitivity of these cells toward the environment of the
hydrogel. Additionally, from these results, it can be said that LNCaP cells are the cell line
most affected by the hydrogel stiffness since they are viable in softer hydrogel alpha2 and the
viability does not have the same trend in stiff hydrogel alpha2*; they are fluctuating instead.
Further work is required with LNCaP cells by giving the cells more time to adapt to this
hydrogel environment and the test needed to consider more time points or use a hydrogel that

is softer than alpha2* and stiffer than alpha2.

Table 5.4: The estimated percentages of live and dead cells for PC3, LNCaP and PNT2 cells

in alpha2*.

day 1 day 3 day7 day 14

Live | dead | Live | dead | Live | dead | Live | dead

PC3 86 14 94 6 76 24 93 7

LNCaP | 87 13 92 8 76 24 64 36

PNT2 83 17 81 19 91 9 92 8
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PC3 day 1

PC3 day 3

PC3 day 14

Figure 5.18: Live/dead viability test results (fluorescence images) for PC3 cells in alpha2*
hydrogel after 1, 3, 7 and 14. The scale in the images is 2000 um. The images for each

time-point are from replicated experiments.
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LNCaP day 1

LNCaP day 3

LNCaP day 7

LNCaP day 14

Figure 5.19: Live/dead viability test results (fluorescence images) for LNCaP cells in alpha2*
hydrogel after 1, 3, 7 and 14. The scale in the images is 2000 pm. The images for each

time-point are from replicated experiments.
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PNT2 day 1

PNT2 day 3

PNT2 day 7

PNT2 day 14

Figure 5.20: Live/dead viability test results (fluorescence images) for PNT2 cells in alpha2*
hydrogel after 1, 3, 7 and 14. The scale in the images is 2000 um. The images for each

time-point are from replicated experiments.

With these findings, two main choices came out for which hydrogel should be used for
building the model this study aimed for. First, the use of alpha2 with all the three cell lines
highly viable in, but the printed construct is not well defined. Second, the use of alpha2*,
which has a much better-printed shape than alpha2; however, one of the cell lines (LNCaP)

has unpredictable viability in. Comparing the stiffness of the hydrogels; in F-12 Ham media,
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according to the data of G’ collected and discussed in chapter 4, alphal is the softer hydrogel.
The stiffness is increasing, going from alpha2 to alpha2*. This gives the conclusion that PC3
cells (the only cells cultured in F-12 Ham medium) are viable in stiffer hydrogels (alpha2 and
alpha2*). Keeping in mind that stiffness is not the only factor that affects the viability of
the cells. Alphal has a different chemistry than alpha2 and alpha2* with a different charge.
The effect of the stiffness of the hydrogels on the viability of LNCaP and PNT2 is different
from PC3 since in RPMI-1640, alpha2 found to the softest hydrogel and yet the cells are
highly viable on it. Alphal is stiffer than alpha2 and softer than alpha2*. With the inability
of the cells to survive in this hydrogel, the chemistry of the hydrogel is probably the vital
factor in studying the viability of the cells. Whereas, since alpha2 and alpha2* have the
same chemistry, the viability test results suggest that only LNCaP cells are affected by the
stiffness of the hydrogels. According to the obtained results, alpha2* has a high probability
to be used in the build of the model of using alpha2* for the build of the model. Since the
model has to printed with high accuracy, the control of the printability of the hydrogel has
high priority. The two cell lines PC3 and PNT2 can be used to start with. Further studies
are needed to investigate the best conditions in which LNCaP can survive in this hydrogel.
However, further investigation was taken to confirm this result. Alamar blue test was used
to check the metabolic activity of the cells when they are encapsulated in the hydrogel. The

test was performed for alpha2*

5.3 Metabolic activity of cells

One of the tests that allow testing the metabolic activity of the cells and measure their
concentration is Alamar blue test. Alamar blue is a quantitative test used for the measurement
of the proliferation of different types of cells, such as mammalian cell line, fungi and bacteria.
The dye used in the test is stable, soluble in water and has no toxicity to the cells. This
allows monitoring the cells in the same sample at different time points. The working
principle of Alamar blue is an oxidation-reduction reaction that leads to fluorescent active
material. During the metabolism process in the cell, a reducing environment is produced
and spectrophotometric methods can be used to measure it. Alamar blue consists of a
weakly fluorescent material; resazurin sodium salt, which can be reduced to highly fluorescent

material; resorufin sodium salt, as shown in Figure 5.21.
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Figure 5.21: Alamar blue equation in which resazurin sodium salt reduced to highly fluorescent

resorufin sodium salt.

For the test of metabolic activity, negative, positive and printed samples were analysed
using Alamar blue. The samples are then printed constructs (hydrogel and cells encapsulated)
with media while the negative control is the hydrogel with media (no cells). The positive
control, on the other hand, was the seeded cells at the top of the hydrogel. The negative
control used a background in which they have been subtracted from all the samples. Alamar
blue used to measure the intensity of resorufin sodium salt in the sample, which resulted from
the reduction of the resazurin sodium salt by the cells environment. The fluorescent intensity
does not show the exact number of cells and high fluorescent intensity does not necessarily
mean that the cells are proliferating, but it might mean that they are metabolically active.
Figure 5.22 shows the results of the Alamar blue test of the printed and seeded cells (PC3,
LNCaP and PNT2) after the background subtraction. The printed samples show the same
trend that seen in live/dead test; in which PC3 and PNT2 cells numbers are increasing with
time (or maybe their metabolic activity increase with time) while LNCaP fluctuated going
from one time-point to another. The seeded samples, on the other hand, are used as a positive
control and shows the increase of the fluorescence intensity except for day 14 in which the

confluence status has been reached.
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Alamar blue test of printed and seeded cells
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Figure 5.22: Alamar blue test results of the printed and seeded cells (PC3, LNCaP and PNT?2)
with standard deviation bars, which do not necessary means high error. It shows that at some
time point the deviation of the data from the mean is higher. All data were taken as mean
of six samples. The deviation was found to be very high in the seeded cells compared to the

printed one. Also it found to increase with time for the printed samples.

To correlate the fluorescent intensity and the number of cells, the test was run with a
different number of cells (2, 4, 6, 8 and 10 million cells per 1 mL of the hydrogel). Beer
Lambert Law then applied to draw a straight line and with the use of the equation, the
number of cells at each time point has been calculated. Figure 5.23 presents the graphs
showing the number of cells used in the associated with the fluorescent intensity for PC3,
LNCaP and PNT2. The equations of the straight lines are illustrated in the figure and they
have been used to calculate the number of cells present at each time point. Additionally, the
figure shows the graph presenting the number of cells calculated from the results in Figure
5.22, from day 1 to day 14. Due to the significant differences in the number of PC3 and PNT2
cells compared to LNCaP cells, LNCaP cells numbers were barely seen. Hence, a logarithmic
scale was used. There is a significant positive correlation between these results with the
obtained from live dead test explained in the previous section. Both show the same trend for

all three cell lines, even the fluctuation of LNCaP cells.
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Figure 5.23: A: the number of cells used in the associated with the fluorescent intensity for
PC3, LNCaP and PNT2 with the straight-line equation. B, C and D: the resulted number
of cells for PC3, PNT2 and LNCaP respectively from day 1 to day 14 in logarithm scale for

better illustration due to the skewness of the data.

The above results that prostate cancer cells (PC3, LNCaP and PNT2) are viable in alpha2*
hydrogel for up to 14 days. Regardless of the need for further investigation in order to maintain
the viability of LNCaP Cells in alpha2*, alpha2* is found to the best option for building

the model for prostate cancer. Since alpha2* is a bespoke hydrogel, no studies were found

published using this hydrogel.

5.4 Conclusion

The assessment of alphal, alpha2 and alpha2* as ECM for three prostate cancer cell lines,
PC3, LNCaP and PNT2 has been studied. In this chapter, the investigation of the ability of
prostate cancer cells to live in 3D environment of the hydrogels was carried out. Although
alphal can be used to print accurate constructs, the cells are not viable on it as the results
of the live/dead test show. Some variation has been seen in different batches, but the overall
results conclude that these cell lines cannot survive in alphal. The suggested reasons behind

cells behaviour on this hydrogel is the neutrality of the hydrogel compared to the charged
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alpah2 and alpha2*. The viscosity of alphal is found to in the middle between alpha2 and
alpha2* (both have viable cells), which remove the viscosity from the equation when talking
about alphal. Alpha2, on the other hand, works as a better ECM for all the cell line. High
viability of all the three cell lines was found in this hydrogel. The issue that emerged for this
hydrogel is the inability to print accurate constructs shape, which will limit the potentials to
print the required model later on. Alpha2* shows better printing shape accuracy than alpha2.
The viability of PC3 and PNT2 cells was high, while variation on the viability of LNCaP cells
was seen. These results confirmed by Alamar blue test. Further research is needed for a better
understanding of the behaviour of LNCaP cells in alpha2* hydrogel. The difference between
the viability of cells in alpha2 and alpha2* can be related to the change in the concentrations
of the amino acids between the hydrogels and the difference in their viscosities, which has
been shown in chapter 4. The next section of the thesis is concerned with a more biological
assessment (histological assessment) for alpha2* hydrogel since it can be controlled in the
printing process more than alpha2 and the cells are viable on it regarding the fluctuation of

LNCaP cells.
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In Vitro Histopathological

Assessment of the printed constructs

Introduction

Traditionally a diagnosis of prostate cancer is a multi-step process. Normally there will be a
digital rectal examination and a PSA blood test, which if lumps are found or the PSA level is
above a specified level (typically 4 ng/ml), a biopsy is required. The biopsy is a small piece of
tissue removed from the prostate. This tissue is then fixed and stained with haematoxylin and
eosin (H&E) and subsequently examined by a trained pathologist under an optical microscope.
Detailed examination of these tissues means that we have excellent knowledge of the prostate
tissue architecture and changes in tissue architecture as a function of disease progression. We,
therefore, have an abundance of clinical examples of each Gleason grade that can be related
to the aggressiveness of prostate cancer. Additionally, different methods are used to check
the phenotype expression of the tissue sections, such as polymerase chain reaction (PCR)
(Birnie et al., 2008), Immunofluorescence (Chang et al., 2013) and immunohistochemistry
(Humphrey, 2017). This chapter will go through the experimental part of the use of H&E,
Immunofluorescence and immunohistochemistry in the printed and seeded sections of the

constructs.

6.1 Embedding and cutting

The constructs of the different cell lines (PC3, PNT2 and LNCaP) in alpha2* hydrogel have
been embedded with paraffin using the same protocol as that used for biopsy tissue. The
seeded constructs were easy to embed since the layer of the hydrogel was thick and could be
removed easily from the well of the plate. These constructs were cut vertically, allowing cells

to be present in all the sections cut. It appears from these constructs that some of the cells
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have lost contact with the hydrogel during or after the fixation process and they were held
in place during the embedding process. This seen by having a gap between the hydrogel and
these cells in cut constructs. On the other hand, the printed constructs were very thin and
they were often stuck on the plate and scratching them was the way to remove them from
the plate for the embedding process. The best solution found for this issue was to print on a
small insert inside the well plate. The insert with the printed hydrogel could all be embedded

with paraffin and then the construct was cut horizontally.

6.2 Staining with H&E

Staining the sections of samples with H&E is a fundamental method used for the clinical
assessment of the cancerous and non-cancerous cells in the tissue. Moreover, different types
of cells can be seen in the stained samples, such as epithelial cells, stroma and lumen cells
(Fogarasi et al., 2011). Different studies show the analysis of prostate cancer tissue with H&E
staining in which the different types of cells are distinguished, such as the research by Khan
et al. and researchers have also been studying the use of computational programs for this
classification (IXhan et al. (2017); Avenel et al. (2019)). Since each printed constructs has
only one cell line, distinguishing the different types of cells was not applicable. In future
work experiments, the addition of different types of cells is vital and that will lead to better
histological assessment when H&E stain used. The cells in printed constructs of the three
cell lines were found to adopt a round shape, which is different from their shape when they
cultured in well plates. Seeded cells, on the other hand, show differences in their shapes
since some of the cells were seen elongated while others were round. Although round shape
might be an indication of cells not being in good condition, the different environment the cells
were exposed to has to be considered. The H&E images of the cells also show signs of cells
proliferation with cells fixed in the division process. Also, dead cells were recognised by the
spread of the purple colour outside the cell. One of the features that can be seen in prostate
cancer tissue and the printed constructs is the presence of large nuclei that contain prominent
nucleoli (single or multiple). Figures 6.1, 6.2 and 6.3 show the scanned images for the H&E
stained of PC3, LNCaP and PNT2, respectively. The figures illustrated zoomed parts of the
images for day 1 and 14, in which the multiple nucleoli are noticed. This feature, though, was

seen in all the three cell lines on different days printed and seeded.
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Figure 6.1: H&E stained samples for PC3 printed and seeded constructs, where the numbers

1, 3, 7 and 14 indicate the fixation day of each sample.
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LNCaP printed samples
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Figure 6.2: H&E stained samples for LNCaP printed and seeded constructs, where the

numbers 1, 3, 7 and 14 indicate the fixation day of each sample.
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PNT2 printed samples
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Figure 6.3: H&E stained samples for PNT2 printed and seeded constructs, where the numbers

1, 3, 7 and 14 indicate the fixation day of each sample.

It should be known that that missing images (LNCaP seeded days 7 and 14) are not
available due to errors in scanning the slides. The scanned slides were found to be scanned
upside down. Unfortunately, due to the current circumstances of the university closure due to
the COVID-19 pandemic, it was not possible to repeat this part of the experiment. Following
the qualitative analysis of the stained samples, a semi-quantitative analysis was performed
using Fiji image J through image deconvolution. It aims to compare the normalised staining
intensity at different time points. This approach was employed for the available images

by calculating the staining intensity normalised by the nucleus. Normalisation is dividing
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data sets (stained intensity in this case) by a common variable (number of nuclei), which
allows controlling the variation in the number of cells in used images. Azevedo Tosta. et al.
studied the colour normalisation of the H&E stained samples. The study goes into making an
algorithm for computational normalisation in which the different factors, such as staining time,
solution’s concentration and pH are considered ((Azevedo Tosta et al., 2019). Although the
aim of the normalisation in this study is different, both are going through the normalisation to
overcome a variation that affects the analysis of the stained images. Figure 6.4 illustrates the
normalised intensities of different cell lines printed and seeded constructs. The normalised
intensities for the printed cells of PC3 and PNT2 decrease with time. This indicates that
the number of cells increases with time. The printed cells of LNCaP, on the other hand,
shows fluctuation as the intensities decrease day 3 and increase day 7 then decrease again day
14. Interestingly, the fluctuation was also seen in the PC3 seeded cells. Due to the lack of
data for seeded cells of LNCaP cells, the results cannot be compared to the other cell line or
interpreted. The seeded constructs of PNT2 of day 7 and 14 were found not be appropriately
cut to show the right amount of cells present, and so the images show a lower number of cells.
A repeat of the seeded experiment has to be done to ensure the obtained data is reliable, so

the trend in Figure 4 might differ, and so it cannot be relied on.
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Figure 6.4: H&E stained samples for PNT2 printed and seeded constructs, where the numbers

1, 3, 7 and 14 indicate the fixation day of each sample.

6.3 Phenotype expression

The different interactions between the organism’s genes and the surrounding environment
lead to different phenotype expression. The phenotype expression changes because of the

development and growth of the organs and the change occurring due to the difference in
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the environment (Tester and Jorgensen, 2014). This study aims to check the changes in
the phenotype expression when the cells are cultured in a 3D environment by encapsulating
them in the hydrogel. The cells were printed after the encapsulation in alpha2* hydrogel and
tested for specific proteins after 1, 3, 7 and 14 days. The analysed proteins are Vimentin,
Pan Cytokeratin, N Cadherin, E cadherin and HIF1. Vimentin is an intermediate fibroblast
filament that found in different types of cells, such as fibroblast, endothelial cells, lymphocytes
and melanocytes. Vimentin found in the in-vitro cultured cells (which is not the case in
normal epithelial cells). It also shows positive expression in the tumour cells that have an
epithelial origin. In the tumour, vimentin is used as a marker for the epithelial-to-mesenchymal
transition (EMT) in which the epithelial cells convert into a mesenchymal phenotype by
several factors, including activating the transcription factors, expressing cytoskeletal proteins
and producing ECM-degrading enzymes (IKalluri and Weinberg (2009); Robinson-bennett and
Han (2006); Roche (2018)). Cytokeratins are organ- and tissue-specific expressed proteins
found in epithelial cells with subtypes classified with numbers from 1 to 20. Pancytokeratin is
the most common type of cytokeratin that is found in almost all epithelial cells (Painter et al.,
2012). Cadherins are cell-cell junction proteins that mediated cell adhesion. The expression
of E cadherin is found to be by normal epithelial tissues and it is lost in cancer cells with
an epithelial origin. N cadherin, however, is found to be expressed by the epithelium-derived
cancer cells (Loh et al. (2019); Wheelock et al. (2008)). Hypoxia-inducible factors (HIFs)
are factors that cause the transcription of different genes allowing cells to adapt to hypoxic
environments. HIF-1 is a protein that consists of O2-regulated HIF-1 and HIF-1(3. Under
hypoxia, HIF-1x is accumulated, enabling the cells to survive by changing the metabolism
mechanism from glucose to glycolytic phenotype (Jun et al. (2018); Meijer et al. (2012)).

These different proteins were tested using immunofluorescent and immunohistochemistry.

6.3.1 Immunofluorescence

Immunofluorescence is a technique in which a fluorescent dye for a specific antibody is applied
to the tissue section. The assessment of the resulting image shows the location (if present)
of the antibody. Different studies used the immunofluorescence technique while investigating
the expression of different proteins by prostate cancer. An example of these studies is the
study performed by Singh et al., which examined the expression of Vimentin by LNCaP cells
using immunofluorescence. They found that vimentin is overexpressed by LNCaP cells and
it increases with the invasiveness of cancer (Singh et al., 2003). This technique has been
tested for this study to check the expression of the different phenotypes, such as vimentin,
Pan cytokeratin, E-cadherin and N-cadherin. Unfortunately, due to the highly fluorescent
hydrogel, it was very hard to notice the effect of the dye in the cells. The next available

choice to do the test is the use of immunohistochemistry, which will be explained in section
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6.3.2.

6.3.2 Immunohistochemistry

As the samples stained with the antibodies, they were scanned and subjected to qualitative
analysis by comparing the stain colour in the positive and negative slides. Additionally, semi-
quantitative immunohistochemical analysis for the positive samples was performed using Fiji
image J ( the same process done in H&E samples). One of the issues that have been noticed
during this experiment is the interference of the hydrogel on the obtained results as it gets
stained as well with the antibody. This basically means further optimisation of the stain
needs to take place. No more optimisation was able to be carried out due to the closure of the
university because of the COVID-19 pandemic. Comparison of the hydrogel slides for each
antibody with the samples containing cells will be made in each stage of the analysis. The
staining of the hydrogel with vimentin shows a high intensity of brown colour. A closer look
at the slides stained with vimentin, in all the three cell lines, a dark brown stain is found to
surround the cells, separating them from the hydrogel, which was stained brown even when
there are no cells on it. The seeded cells show a clear coating of this dark brown colour
and with the fact they are seeded on top of the hydrogel gives them some separation from
the rest of the hydrogel. Hence, it can be said that all the three cell lines (PC3, PNT2 and
LNCaP) are expressing vimentin for both seeded and printed cells. The stained cells for the
PC3, LNcaP and PNT2 are shown in Figures 6.5, 6.6 and 6.7 respectively. The images of
the Alpha2* Hydrogel only, i.e without cells in figures 6.5, 6.6 and 6.7 gives a clear indication
of how much the hydrogel can interfere with the result of the staining. The figures also the
images at different time points with a zoomed image of the printed construct at day 14 to

show the differences.
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Figure 6.5: The images taken for the hydrogel, PC3 printed and seeded constructs after
staining with vimentin, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the
negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Figure 6.6: The images taken for the hydrogel, LNCaP printed and seeded constructs
after staining with vimentin, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the
negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Figure 6.7: The images taken for the hydrogel, PNT2 printed and seeded constructs after

staining with vimentin, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the
negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Figure 6.8 represents the calculated intensity of the stain normalised by the nucleus. The
normalised intensity is the ratio of the mean stained area and the number of nuclei. For each
sample, three different images were analysed. The measured normalised intensity was found
to differ in each cell line. Figure 6.8 provides the different charts of the measured normalised
intensities of PC3, LNCaP and PNT2 cells stained with different antibodies (the positive
expression proteins are shown). PC3 cells show an increase in the normalised intensity on
day 3 and then it decreases for both day 7 and 14. From chapter 5, it has been seen that the
number of PC3 cells increases with time. The increase in the intensity on day 3 indicates that
the expression of the proteins was higher than the rest time points since the trend seems to
be normal at other time points. The normalise intensities of the LNCaP, are fluctuating at
different time points. It has been noticed that the increase in the number of cells caused the
normalised intensity to drop and vice versa. According to the live/dead test and metabolic
activity test results explained in chapter 5, there is fluctuation in the number of cells at
different time points. This fluctuation is consistent with the previous results found in this
test. The number of cells is high on day 1 and 14, and so, the normalised intensity is lower
at the same time points. With PNT2 cells, the same conclusion as LNCaP was drawn. The
increase in the number of cells causes the normalised intensity to drop. The live/dead test and
metabolic activity test results show that PNT2 cells number increases with time and so the
normalised intensity if found to decrease with time. On the other hand, it can be noticed that
the vimentin intensity of the printed cells is lower than the seeded cells for all the three cell
lines, which probably indicates that the number of cells in the printed constructs is higher.
This can be explained by the amazing adaptation of these cells the hydrogel environment
when they encapsulated on it. Or it might be due to the loss of some cells during the fixation

and embedding (cells found to lose the attachment to the hydrogel at these points).
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Figure 6.8: The normalised intensity of the proteins (vimentin, N and E cadherin, Pan

Cytokeratin and HIF1) where S is for seeded and P is for printed.

Different studies have found that the expression of vimentin is high in poorly differentiated

cancers. It was seen in cell lines, such as PC3, PNT1a and P4E6, and only mitotic cells of
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LNCaP have expressed it (Lang et al. (2002); Singh et al. (2003)). Staining the slides for
N cadherin and E cadherin show significant differences between the three cell lines. For
PC3 cells, staining with N cadherin shows dark brown stained found around the cells for both
printed and seeded cells, as shown in Figure 6.9. The measured normalised intensity for N
cadherins shown in Figure 6.8. The seeded cells have a higher intensity than the printed ones,
but the same trend as vimentin was seen for both seeded and printed constructs. The cells
stained with E cadherin, on the other hand, shows that no difference between the negatively
stained slides and the positive one regardless of the brown colour caused by the hydrogel
for E cadherin. Both shows cells stained blue and no signs of any brown colour surrounding
them. This result indicates that the PC3 cells did not express E cadherin in both seeded and
printed constructs at all time points, which also can be seen in Figure 6.9. This dark brown
stained is seen in both printed and seeded cells. PC3 found to express N cadherin in both
seeded and printed constructs, however, it did not express E cadherin, as shown in Figure 6.9.
LNCaP cells, on the other hand, are expressing E cadherin in both printed and seeded cells.
Although the number of cells in seeded cells at day 7 and 14 is very low, the dark brown stain
surrounding the cells still seen, as it can be seen in Figure 6.10. On the contrary, LNCaP cells
did not express N cadherin, which illustrated in Figure 6.10 as well. The normalised intensity
of the E cadherin stain in the samples at different time points; summarised in Figure 6.8. The
same trend as vimentin was noticed. The seeded cells have higher normalised intensity than
the printed ones. This is an expected result since the cross-section was cut vertically for the
seeded cells to ensure getting cells in each section. The number of cells in the vertically cut
section is much lower than the horizontally cut one (as the printed constructs). As discussed
with the vimentin antibody, the number of cells affect the staining intensity. PNT2 cell line
is the only cell line found to express both N cadherin and E cadherin in printed and seeded
cells, as shown in Figure 6.11. Although N cadherin was found expressed by PNT2, the dark
brown stain for the N cadherin was not seen surrounding all the cells (Only some of the cells
found to express N cadherin). The normalised intensities shown in Figure 6.8, found to be
higher for E cadherin than N cadherin and in the seeded is higher than the printed for both

proteins and they have the same general trend in the different time points.
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Figure 6.9: The images were taken for the hydrogel, PC3 printed and seeded constructs after
staining with N and E cadherin, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the

negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Figure 6.10: The images were taken for the hydrogel, LNCaP printed and seeded constructs
after staining with N and E cadherin, whereas P indicates printed constructs and S indicates
seeded constructs. The dark brown stain surrounding the cells indicates the positive expression
of the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the

negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Figure 6.11: The images were taken for the hydrogel, PNt2 printed and seeded constructs after
staining with N and E cadherin, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the
negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.

It was expected that N cadherin to be positive and E cadherin is negative, since normal
cells express E cadherin, while cancer cells express N cadherin. N cadherin is a sign of losing
the cell-cell contact and being told to stop migrating away from a defined tissue structure.
Although it was expected that N cadherin to be positive and E cadherin is negative for the
cancerous cells, the different cell lines are expressing them differently. Only PC3 cells have

the same as expected. LNCaP expresses them oppositely where E cadherin is expressed and N
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cadherin is not expressed by them and PNT2 cells are expressing both. In literature, studies
show that poorly differentiated cancer cells express N-cadherin. In invasive cancer, N cadherin
is gained while E cadherin is lost (Tomita et al. (2000); Tran et al. (1999)). A study done by
Bryden, Freemont, Clarke and George showed that the staining degree of N cadherin in bone
metastasis was different from one site to another, which might give an indication that either
E cadherin has not been lost from a particular site or it has been gained in a secondary site
(Bryden et al.; 1997). This gives an idea of the possible reasons for the positive expression
of E cadherin in LNCaP and PNT2 cells. Moreover, the differentiated morphology of PNT2
cells might be the case of E cadherin expression.

Positive expression of Pan cytokeratin was also detected from the immunohistochemical
images for all the three cell lines. The seeded constructs of PC3 were found not to have as
much of the dark brown colour around the cells, but it was considered positive because of the
small number of cells that do. The printed constructs were found to be highly positive for the
expression of pan cytokeratin. Figure 6.12 presents the images for both printed and seeded
cells of PC3. LNCaP and PNT2, on the other hand, show high expression of Pan cytokeratin
for both seeded and printed constructs, as shown in Figures 6.13 and 6.14. Furthermore, the
normalised stain intensities for the three cell lines are illustrated in Figure 6.8, and surprisingly
the intensities of seeded and printed were almost the same for PC3 and LNCaP with a
difference at a one-time point only. The intensities of seeded and printed constructs of PNT2
was exactly the same. Cytokeratins are holding the structure and the shape of the tissue
where the pan cytokeratin antibody is a marker for all of them. It is expected to be seen in
all different stages of cancer, as stated in literature (Moul et al. (1994); Weckermann et al.

(2001)).
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Figure 6.12: The images were taken for the hydrogel PC3 printed and seeded constructs after
staining with Pan cytokeratin, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the

negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Figure 6.13: The images were taken for the hydrogel LNCaP printed and seeded constructs
after staining with Pan cytokeratin, whereas P indicates printed constructs and S indicates
seeded constructs. The dark brown stain surrounding the cells indicates the positive expression
of the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the
negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Alpha2* hydrogel
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Figure 6.14: The images were taken for the hydrogel PNT2 printed and seeded constructs after
staining with Pan cytokeratin, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the
negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.

The last protein checked was HIF1, which is an indication of hypoxia. This is expected
to increase in cancer cells. The images show that the expression of it is positive, as can be

seen in Figures 6.15, 6.16 and 6.17, respectively.
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Figure 6.15: The images were taken for the hydrogel, PC3 printed and seeded constructs after
staining with HIF1, whereas P indicates printed constructs and S indicates seeded constructs.
The dark brown stain surrounding the cells indicates the positive expression of protein while
the only blue cells (with the absence of the dark brown surrounding them) indicates the
negative expression of the protein. The stained hydrogel slide and the negatively stained slide

of the printed construct are shown to compare the colour of the stain constructs.
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Alpha2* hydrogel

Figure 6.16: The images were taken for the hydrogel, LNCaP printed and seeded constructs
after staining with HIF1, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the

negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.
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Figure 6.17: The images were taken for the hydrogel, PNT2 printed and seeded constructs
after staining with HIF1, whereas P indicates printed constructs and S indicates seeded
constructs. The dark brown stain surrounding the cells indicates the positive expression of
the protein. In contrast, the only blue cells (with the absence of the dark brown surrounding
them) indicates the negative expression of the protein. The stained hydrogel slide and the
negatively stained slide of the printed construct are shown to compare the colour of the stain

constructs.

The normalised intensity is shown in Figure 6.8 and it agreed with the other positively
expressed proteins. Interestingly, the effect on the number of cells on the expression of HIF1
was found to be much higher than the other proteins as the intensity increase and decrease in a

steeper trend for both seeded and printed cells. The expression of HIF1 protein that indicates
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the hypoxia of the cancer was found to be associated with most of the prostate cancer cell
lines and is considered to be one of the common derived condition in cancer development

(Huang et al. (2018); Saramaki et al. (2001)).

6.4 Conclusion

The successful embedding and cutting of the printed and seeded construct of the three cell
lines (PC3, PNT2 and LNCaP) increase the ability of the analysis and assessment of the build
constructs. Also, it allowed the comparison of the seeded (as control) and printed constructs.
The cut sections were stained with H&E, which proves the ability to analyse the constructs
and the build model later in the same way as the clinical assessment. This is considered to be
an important step enabling the comparison with the pathologists’ work and it gives an idea
of how the build model behaves biologically. The build model should behave in a similar way,
biologically to the real clinical samples in order to be used in drug testing. To ensure the
cells, after being embedded in the hydrogel, are still expressing the same proteins, the IHC
test for five proteins was performed. The results show the differences in the expression of the
proteins between the cell lines and prove that the proteins that were expressed in seeded cells
are still expressed in printed cells. This a step forward in building a model that resembles a
real cancerous prostate tissue. The use of single cells type can be expanded more than one

cell type, probably gradually.
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FTIR imaging

Introduction

With numerous applications of FTIR imaging in biomedical science, as can be seen in chapter
2, it has been chosen for the analysis of the built constructs. The aim of the use of FTIR
imaging to analyse these constructs is to study the effect of the microenvironment (the
adjacent cells) on tumour progression. Although the whole model has not been built during
this study, the ability to analyse it will be a significant step towards the knowledge of what

is going on with cancer and how it is progress.

7.1 Analysis of the seeded cells

The first part of the FTIR analysis is to check the seeded construct. The scans were of two
different sites on the slide. The first site is where the hydrogel is seen with no cells and the
second one is where the cells are. In this case, the aim was to try and to get the cells scan
with no hydrogel. The slide chosen for this analysis test is the hydrogel seeded with PC3 cells
on day 14. This was chosen since it contains a high number of cells compared to the other cell
lines. In addition, one cell line will be tested, and it will be applied to the others if it found
to work. Figure 7.1 (A) represents the spectra of the seeded construct, the hydrogel side and
the cells side. The hydrogel side spectrum is obtained by getting the mean spectrum of all the
1638 spectra that make up one FPA tile and processed with denoise and COg removal. The
cell side spectrum is obtained with the same method as the hydrogel side with the addition
to the use of cell finder code to ensure having cells only (as the exact place of them is known).
The resulting spectra show that cells and hydrogel have the same peaks. The hydrogel consists
of amino acids and it is expected to have a similar peaks position as the cells. The difference
in the intensities is also expected since the amino acids in the hydrogel are in much more of

a pure state than the proteins in cells, giving more intense sharp peaks. The cells, however,
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consist of a large number of proteins causing the peaks to broaden. Figure 7.1 (B) shows the
same spectra in the range of 1450 — 1000 cm™! to check the appearance of the phosphate
antisymmetric and symmetric stretches 1230 and 1080 cm~! (DNA). These peaks are found
in the cells and not supposed to be seen in the hydrogel. A distinct peak was seen at 1230
cm™! in the cell side spectrum. It looks like the same peak is present in the hydrogel side

spectrum with low intensity.
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Figure 7.1:  A) the spectra of the hydrogel side and the cells side from the same seeded
construct. B) the range 1450 — 1000 cm™! of the same spectra giving a closer look where

the DNA peaks.
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In order to have a better look at the differences between the two spectra, vector
normalisation applied to them. Figure 7.2 shows the spectra after the normalisation in which
A represents the full range spectra and B shows the spectra in the range 1450 — 1000 cm ™.
The full range spectra show the two sides have almost the same peaks. The hydrogel side
spectrum shows negative peaks, which means that the signal in the background is higher than
the sample, and it is probably caused by fingerprints since the background slide is empty.
The other thing that has been noticed is the appearance of the peak in 1230 cm™!, which
means neither this is a peak nor the other peaks in the same area cannot be relied on. They

all appear in both spectra.
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Figure 7.2: A) the spectra of the hydrogel side and the cells side from the same seeded
construct after vector normalisation. B) the range 1450 — 1000 cm ™! of the same spectra

giving a closer look where the DNA peaks after vector normalisation.
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7.2 Analysis of the printed cells

After cutting the printed construct into 10 pm section and placed in a CaFy disc, they were
scanned to obtain FTIR imaging spectra. The analysis of the spectra is carried out in the
same way as the hydrogel side of the seeded slide discussed previously in section 7.1. The
fact that the hydrogel and cells contain very similar peaks across the spectrum means that
it is difficult to use the cell finder to find the cells in a mixture of the two. It always gives
cells with hydrogel and there is no way we can separate them through it. The obtained mean
spectrum is for both cells and hydrogel. Three different areas of the construct were scanned
and compared to a hydrogel only mean spectrum as shown in Figure 7.3. The different areas
of the printed construct show different intensities and that is probably due to the difference in
the thickness of the different areas of the construct. It was also difficult to find a distinctive
peak that can be used to separate the cells from the hydrogel. By having a closer look at the
range of 1500 — 1000 cm ™! as shown in Figure 7.3 B, different peaks were seen and it found

hard to decide which one is a real peak even if it goes through vector normalisation.
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Figure 7.3: The spectra of the hydrogel and three different areas of the printed construct

(hydrogel and cells). The differences between the areas of the printed construct are related

to the differences in the thickness of these areas.
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7.3 Multivariate curve resolution

Multivariate Curve Resolution (MCR) are analysis methods that solve the problems associated
with the analysis of mixtures. MCR considered to be one of the analysis methods that suite
spectroscopic measurements. The reason behind this is that MCR works with bilinear models
that have pure contributions and spectroscopy data fits in this category since they follow
Beer-Lambert Law. MCR helps to separate the components of the mixture with or without
information about the mixture components. The development of the methods used in MCR
moves the analysis from the basic bilinear models to multi-way methods (Haaland et al.
(2016); Juan (2020)). In hyperspectral imaging, Multivariate Curve Resolution-Alternative
Least Square (MCR-ALS) is the most common algorithms used. It is based on the use of
alternating least squares to optimise the concentration and spectra that are related to the
spatial and spectral characteristics of the image (Juan, 2020). Through this study, the data
obtained by hyperspectral imaging were pre-processed before MCR used. The pre-processing
methods differ from one experiment to another depending on the obtained data and what are
the best ways that can be used to improve and increase the accuracy of the results obtained
with MCR. The pre-processing used in this study starts with cropping the spectral data into
the range of 1000 — 3800 cm™!. Then the minimum intensity is set to zero since some of the
data were allocated under zero. The median of the hydrogel spectra was taken and shown in

Figure 7.4.
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Figure 7.4: The median of the hydrogel spectra.

The printed constructs spectra, on the other hand, were processed with RMies algorithm
(one iteration) to remove the scattering from the data. Figure 7.5 (A) shows the raw data

and (B) show the data after scattering correction.
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Figure 7.5: (A) the printed construct raw data and (B) data after scattering correction.
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Putting the cells with the hydrogel into the RMies function might cause problems on the
data since the hydrogel spectrum is fitted with a pure cells spectrum and this function will
correct both. However, as it can be seen from Figure 7.5 (A), there is a high amount of
scattering in the data and it worth trying the RMieS to get better spectra.

The main target of the data pre-processing is to separate the data using MCR; one of the
issues found here is that some of the spectra have scattering and some are not, which will
add extra proportion to the MCR function and there will be high chances of not getting good
results. For the MCR process, the hydrogel median spectrum was appended to the spectra
in the cells-in-hydrogel image data. The hydrogel spectrum will work as a reference on the
separation that will be done. The data were reshaped into bilinear instead of having pixels of
3 dimensions before applying MCR. By setting the number of components to two; cells and
hydrogel, the MCR was run with the default parameters.

The separation results are shown in Figure 7.6 and show the resultant spectra for the
cells (component 1) and the hydrogel (component 2). The cell spectrum shows the general
parts that usually seen in the cell spectrum (looks more like the spectrum of real cells). In
addition, the image shows bright spots consistent with the location of the cells. The obtained
result was compared with the biological spectrum of the cells shown in Figure 2.17 and the
distinctive cells peaks can be seen clearly, especially amide I and amide II. However, gathering
a real spectrum of the cells and adding it to the algorithm might give a better analysis. The
hydrogel spectrum, though, does not look that much like a real spectrum, but the specific
features of the hydrogel seem to have been preserved. The associated image is consistent with

the hydrogel being present across the whole sample.
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Figure 7.6: The MCR separation result showing the cells spectrum as component 1 and
hydrogel spectrum as component 2.

The median hydrogel spectrum was combined with the hydrogel spectrum resulted from

the MCR, as shown in Figure 7.7 . Although the features of the hydrogel can be seen in the
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MCR results spectrum (orange), the probability of having a better result might increase when
better hydrogel spectra obtained. One of the very distinctive peaks that can be seen in the

hydrogel is the sharp amide I (at 1642 cm~!) and it can be seen in both spectra.
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Figure 7.7: The hydrogel median spectrum (blue) combined with the hydrogel spectrum
obtained using MCR (orange). The main hydrogel feature still can be seen after using MCR,

although it does not look like a real spectrum.

The use of MCR for the separation seems to work, but it needs to go through a lot
of improvement in order to get a better separation. One crucial part of the development
is obtaining cells spectra and adding them to the MCR algorithm. In addition to obtaining
better hydrogel spectra and the printed constructs spectra with the least amount of scattering.
Also, the MCR can be done without the use of RMies for the cells with might works better
when good spectra gathered with FTIR imaging machine. The other improvement is that
using RMies for the background from this data and then three components; cells, hydrogel,

and scattered background.
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7.4 Conclusion

FTIR imaging has been used to scan the build constructs and the data was gathered and
analysed. MATLAB software was used for the analysis of this data. The main goal of the
analysis is to separate the cells peaks for the hydrogel one in order to be able to study the cells
and the changing that they go through. The separation was found to be challenging since the
hydrogel is consist of amino acids and it contains the same peaks as the cells. The first part
of this analysis is to create an algorithm that works the same as an in house water correction
algorithm water correction to remove the hydrogel bands. The inability to find a specific
feature available in cells only that can be used to obtain an algorithm to separate them from
the hydrogel causes the shift of the analysis towards MCR. Although MCR, separates the two
components, the results are still not satisfying and open the door to a lot of improvements
that can be in future work. The main part of this improvement is gathering better FTIR

imaging data for both hydrogel and the printed constructs.
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Conclusions and Future Work

8.1 Conclusions

Prostate cancer is the most common cancer among men with a high death rate. The models
that have been used to study this disease (i.e. animal models, 2D models and 3D models)
present several limitations that undermine our ability to study important cellular mechanisms
associated with prostate cancer initiation and progression. In this study, tissue engineering is
used to design a 3D model that can be used to mimic the tumour environment.

Peptide hydrogels (alphal, alpha2 and alpha2*) were used as ECM for prostate cancer
cells (PC3, PNT2 and LNCaP). The study of the mechanical properties of the hydrogels
shows that the media has a strong effect on the mechanical properties of the hydrogel but,
interestingly, does not affect their viscosity. The study indicates that alpha 2 hydrogel has the
lowest viscosity among the three and it was the most challenging when the optimal printing
parameters are obtained.

3D bioprinted constructs were tested in vitro to evaluate the capacity of the alpha 1
hydrogel to support the viability and proliferation of encapsulated cells. Obtained results
show that, despite being possible to print well-defined cell-laden hydrogels, the viability of
encapsulated cells remains very limited. Alpha2 was found to work as a better ECM for all the
cell lines. The issue that emerged for this hydrogel is the inability to print accurate constructs
shape. Alpha2* shows a better printing shape and more accurate than alpha2. The viability
of PC3 and PNT2 cells was high; however, LNCaP cells show a variation in their viability on
this hydrogel which was confirmed by the metabolic activity test.

Cells encapsulated in alpha2* were successfully embedded in paraffin and cut. The cut
sections were stained with H&E, which gives the ability to analyse the constructs and the
future build model using the same method used in the clinics. Additionally, the THC test

for five proteins was performed to check the differences in their expression when the cells are
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seeded on top of the hydrogel and encapsulated inside it for all the three cell lines. These
proteins found to be expressed in the same way between the seeded cells and printed cells. The
use if FTIR imaging to analyse the printed constructs was challenging since it was found to
be hard to separate the signals of the cells from the hydrogel. The hydrogel consists of amino
acids and contains the same peaks as the cells. The inability to finding a specific feature
available in cells only that can be used to obtain an algorithm to separate them from the
hydrogel was not possible and the analysis moved towards MCR. MCR was used to separate
the cells and the hydrogel and the results obtained was not the best and needed to go through

improvements.

8.2 Future Work

The research on building a model to study cancer has been going for a long time. Different
studies have been looking forward to designing the best model that can mimic the cancer
microenvironment and showing the heterogeneity needed to get closer to the real tissue. This
study was done with the goal of building the theoretical model showed in Figure 1.1. Due to
the high number of assessments and the long optimisation process, the time was just enough
to go through the start-up model (Figure 1.2), leaving several unanswered questions that need
to be further investigated and giving the ideas on the development of the constructs build

into a model that can be used in different types of studies.

8.2.1 Research on the current build model

The printed constructs were analysed at different time-points going from day 1 to day 14.
Since cancer needs much more than 14 days to progress, it will be worth trying to go for
more time points. With the study of the degradation time of the hydrogel, the maximum
time-point can be decided.

Also, further investigations for the LNCaP cell line can be done. It has been found
that LNCaP shows a high variation between one-time-point to another. The number of cells
fluctuated at the used time-points. One of the early experiments in this study indicates that
LNCaP cells take a longer time to adapt to the hydrogel environment, but since it was a single
experiment, it is not demonstrated in this thesis.

Another comparison point that can be studied and check whether it can make a difference
or not is the use of the culture media without antibiotics. In this study, there was a high
expectation of microbial contamination since the 3D bio-printer machine was not in a fume
hood. The use of antibiotics was unquestionable to avoid this contamination. Although the
printer was transferred at a certain point into a fume hood, it was not possible to move

into a media without antibiotics since almost 80% of the study has been finished. The use
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of antibiotics can cause changes in the cells’ biochemistry and affect the cells differentiation
potentials. Studying the use of the media without the antibiotics and compare it to the
current results will allow to see if there are any differences between the two. Additionally, the
culture media was found to have a high effect on the mechanical properties of the hydrogel.
Two different culture media were used in this study; F-12 Ham used for PC3 cells and PRMI-
1640 used for PNT2 and LNCaP. It would be worth trying culturing PC3 on RPMI-1640,
and the differences between the current results and the newly obtained results can be studied.
Moreover, this study used three different hydrogels, and one of them has been chosen to
be continued with. alpha2* (hydrogel used for the model in this study) was found to have
different mechanical properties after a certain time of the purchase. Different time points
after purchase can be tested for the mechanical properties and check the best time point to
build the model. In addition, the mechanical properties of the prostate can be considered
and check the best time to build the model. The use of other techniques to help the analysis
of FTIR imaging, such as the use of mass spectroscopy to find the content of the hydrogel
and ease the separation of the cells’ signals from the hydrogel signals as well as the use of
different analysis techniques which in the separation process such as Independent Component
Analysis (ICA). On the other hand, gathering better FTIR imaging data for the cells and the
hydrogel can make the results of MCR better and probably more accurate. Also, separating

the background and using it as a third component might improve the results even more.

8.2.2 Complexity of the model

The build constructs through this study contain only cancer cells. All the assessments were
done for these cells to ensure the ability to culture them in a 3D environment. Due to time
constraints, no other cells were added. One important future work is to add more cells to the
model. All the added cells have to go through all the different biological tests that ensure the
viability of these cells in the same environment. The various cells that can be added to the
model are shown in the theoretical model in Figure 1.1. One of the assessments that can help
with the model is the IHC and it can show whether the same proteins are still expressed in
the build model. An example of it is the reactive stroma which found to increase vimentin
expression. Another part of the work that can be done is the printing in different geometries
that can get even closer to prostate shape with the different types of cells in similar places
as the real tissue. Further development of the model is by developing a 3D printed tissue
model for bone biopolymer (PCL), Calcium phosphate and bone marrow stem cells. Once it

is completed, it will be combined with the prostate constructs and further analysis is done.
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8.2.3 Micro-environment Study

One of the areas that need more studies is the knowledge of cancer initiation and progression.
This knowledge can be gained by the study of the tumour microenvironment. The change
in the morphology of the different types of cells used to build the model can be studied.
Another part that can be studied in the tumour microenvironment studying the proteins
that cells produced and the growth of the cancer cells is supported by these proteins. Also,
looking at the tumour, studying the effect of cancer cells on the surrounding cells can show
how these tumours grow. One of the influences of these cells on the microenvironment is
the release of extracellular signals, such as paracrine signals. On the other side, the role of
ECM is another area to be studied in this model. In this model, hydrogels are used as ECM
and the interaction between the cells and this hydrogel can be studied. Moreover, the ability
of cancer cells to alter their physical properties and topography can be checked. Also, the
ability of these cancer cells to migrate within the model with the influence of the ECM and
the speed of migration of these cells are part of studying the effect of the ECM on the tumour.
Further analysis could be done to the changes in metabolic activity. The Warburg effect can
be studied by checking the presence of nucleotides, amino acids, and lipids that are associated
with it. The other part of cancer metabolism is the gain of MYC oncogene function, which
can be studied by checking the express of the genes that support anabolic growth. This means
checking the enzymes that are correlated to the synthesis of fatty acid, serine metabolism, and
mitochondrial metabolism. Further research needs to be done on the background of cancer
metabolism and the exact experiments can be decided then. This demonstration of possible

future work gives a hint on what can be done.

8.2.4 Therapy testing

As the model gets complicated and more cells are added to it, the chances of having a better
platform for therapy testing are increased. Avoiding the differences found either between
animal (when therapies are tested in animals) and human or between the in-vitro models and

human. The current therapies can be developed and test using the developed method.
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