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Abstract
There is a continued need, particularly in developing countries, for safe, reliable and cheap
contraceptives. Development of new contraceptives is very expensive and time consuming, and
requires extensive animal testing. In vitro models offer a potential alternative for the early stage
high-throughput screening of contraceptive candidates. The introduction of 3D bioprinting has
provided a platform for the rapid manufacture of such models, however, there is still much
research that needs to be conducted to identify suitable matrices that can be printed and
provided an optimal environment for cells and tissues. Therefore, the aim of this study was to
identify hydrogel matrices that could be used for 3D bioprinting and support the viability and
function of primary-derived oviduct cells harvested from mouse oviducts. The matrices chosen
for this study were agarose and carboxylated agarose (CA) hydrogels, as these gels are
compatible with extrusion printing, have a high water content like the natural extracellular
matrix, and are considered bioinert. Whilst this latter characteristic makes the gels
cytocompatible, it also limits protein adhesion which can lead to poor cell attachment.
Therefore, the gels were combined with varying amounts of the adherence proteins collagen
and fibronectin to assess the effect of these biofactors on cell adhesion, viability and function
when in contact with the gel surface and when encapsulated within the gel. The cytotoxicity of
the candidate matrices, and their ability to support oviduct cell viability and proliferation, were
initially examined using human ovarian carcinoma (OVCAR) cell lines. OVCAR cells were
cultured on the surface of these gels to test their viability and ability to attach on the candidate
gel surface. Whereas CA gels with or without adherence proteins supported OVCAR cell
attachment and viability, no attachment was noted for any of the agarose-based gels.
Subsequently, OVCAR cells were encapsulated inside the CA gels. For CA, CA+collagen and
CA+fibronectin gels there was a statistically significant decrease in cell viability to ~70-80 %
compared to the controls. However, CA+collagen+fibronectin gels supported OVCAR cells
with > 80% viability and evidence of cell attachment. Interestingly, all CA-based gels
supported the production of progesterone (P4) from the encapsulated OVCAR gels. The
optimised CA+collagen+fibronectin gel was then used to successfully encapsulate primaryderived oviduct cells, which remained viable after 48 h and displayed morphological
characteristics. Whilst these results suggest that CA+collagen+fibronectin gels may be
promising candidates for use in a 3D bioprinted oviduct model, further work is required to
identity the individual cells types present in the mixed cell population disaggregated from
murine oviduct and to assess the encapsulated primary-derived oviduct cells functionality.
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1 Literature review
1.1 Overview of the larger project
Ways to limit experience of the global population include the provision of safe contraceptive
methods (world health organization, 2018). Since 2000, the Bill and Melinda Gates Foundation
has focused on enhancing healthcare and reducing extreme poverty globally (Bill & Melinda
Gates Foundation, 2018, conserve energy future, 2018). They recognised that the need for a
research model that allows the development and testing of effective contraceptives quickly and
efficiently. The foundation funded a project to three dimensional (3D) Bio-print a model of the
oviduct (fallopian tube) that facilitates sperm capacitation; a physiological process that sperm
has to complete before it is able to fertilise an egg (Okabe, 2018). In the future, this in vitro
model will be used to test the ability of different molecules to prevent sperm capacitation.
Molecules with anti-capacitation activity may be developed into new contraceptives. This 9month Master’s research project will contribute to the main project.

1.1 Overview of Master’s Research project
The main objective of this 9 month Master research project is to identify matrices with the
potential to be used for 3D Bioprinting and which maintain the viability and morphology of
primary-derived cells harvested from mouse oviducts. The cytotoxicity of candidate matrices
will initially be examined using human ovarian carcinoma (OVCAR) transformed cell lines to
optimise and identify the ‘best’ matrix which will then be tested with primary-derived oviduct
cells.

1.2 Oviduct and fertilisation
The ability of sperm to fertilise an oocyte can only be realised after passage through the oviduct
tract (Figure 1-1) during which the sperm undergo a process of capacitation (De Jonge, 2005,
Suarez, 2016) (Okabe, 2018); sperm capacitation is described in appendix. 2). The site of
fertilisation in the oviduct is the ampulla (Figure 1-1). To arrive at the ampulla, the sperm
travels through the isthmus where capacitation occurs. The infundibulum portion of the oviduct
facilitates the movement of the oocyte to the ampulla, where it is fertilised by the capacitated
sperm (Besenfelder et al., 2012). In vitro culture of sperm in the presence of oviductal cells has
shown improvements in cell motility and survival, which indicates the significance of
interactions with the oviduct environment to sperm fertilisation capacity (De Jonge, 2005).
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Figure 1-1 A schematic view of oviduct to show sperm-oocyte fertilization (Ferraz et al., 2016).

1.2.1

Morphological Features of Oviduct

The oviduct plays a critical role in sperm capacitation, fertilization and early embryonic
growth. Structurally, the oviduct has four sections including utero-tubal junction, isthmus,
ampulla and infundibulum as shown in Figure 1-2 (Dirksen, 1974). The junction that connects
uterus and oviduct is termed as utero-tubal junction (Treuting et al., 2011). The blood supply
to the oviduct derives from branches of the ovarian and uterine arteries (Leese, 1988).

(B)

(A)

(C)

Figure 1-2 Mouse reproductive system (A) a schematic diagram of dissected oviduct. (B)
Ex vivo mouse reproductive tract(C) Uncoiled mouse oviduct (Treuting et al., 2011).
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The oviduct is comprised of a single layer of epithelial cells with a columnar shape. There are
two kinds of epithelial cells in the oviduct, surface ciliated and interspersed non-ciliated cells
(Figure 1-3). The ciliated cells present in the oviduct act to transport gametes, whereas the
non-ciliated cells have a secretory function (Abe and Oikawa, 1991). Ciliated and secretory
cell function is regulated by hormones Progesterone (P4) and Oestrogen (E2), which maintain
ciliary beat frequency to facilitate the movement of fluid in the oviduct (Li and Winuthayanon,
2017). The oviduct cells are closely packed together and epithelial cells are connected by tight
junctions (Nielsen et al., 2012).

Figure 1-3 Epithelial cells of the bovine oviduct under scanning electron microscopy. Two different
types of cells were identified—the ciliated cells(Ci) and the secretory cells(SC) (Avilés et al., 2015).

The infundibulum, or fimbria in humans contains a large proportion of ciliated cells, as does
the adjoining ampulla (Dirksen, 1974). As well as regulating oviduct fluid movement, the
ciliated cells also facilitate movement of the oocyte to the site of fertilisation in the ampulla.
The isthmus ,however, contains a majority of secretory cells that produce fluid to support sperm
capacitation transit through the oviduct to meet the oocyte (Li and Winuthayanon, 2017). The
role that oviduct plays in sperm capacitation is described in appendix. 3.
1.2.2

Differences between Mouse and Human Oviduct

Difficulties in obtaining human oviduct tissues have led to the use of animal models to study
the structure and function of the oviduct. Although there are variations in morphologic
appearance of the oviduct, which are the result of different hormonal influences during the
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oestrus cycle in mice, and the menstrual cycle in humans, the mouse oviduct has a length of
1.8cm and is a tightly coiled tube, while the human oviduct is larger at 12cm long, with a less
tightly coiled structure(see Figure 1-2 and 1-4 ) (Li and Winuthayanon, 2017). Despite these
dissimilarities in oviduct morphology, both humans and mice feature an oviduct with three
distinct segments. The primary difference in oviduct segmentations is that in humans the
ampulla possesses a fimbriated end that opens to the peritoneal cavity adjacent to the ovary,
while in mice it opens into the periovarian space. Both mouse and human oviducts have densely
ciliated infundibulum and ampulla regions, and this prevalence of ciliated cells decreases in
the tract toward the uterus. The ampulla and infundibulum mucosa in both species are
comprised of tall columnar epithelium with motile cilia, while the isthmus features low
pseudostratified columnar cells with variable quantities of cilia (Treuting et al., 2011).

Figure 1-4 Showing morphological features of human oviduct (Coy et al., 2012).

1.2.3

Oviductal Fluid

Secretary cells of the oviduct are responsible for the generation of fluid in the tube (Abe and
Oikawa, 1991). Bishop’s (1956) investigations into oviductal fluid composition under various
hormonal states characterised the complex mixture as a combination of plasma-derived
components and specific proteins supplied by the oviduct epithelium (Leese, 1988).
Electrolytes and ions from calcium potassium, sodium and chloride feature in the oviductal
fluid, as well as bicarbonate that is thought to maintain pH in the range of 7.1-8.0, with
fluctuations during phases of the reproductive cycle. By far, water is the largest constituent of
oviductal fluid, which is transported thorough changes in osmotic gradients due to the
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movement of ions. Oviductal fluid also contains the non-electrolytes such as glucose, pyruvate,
lactate and amino acids, which are present to support gamete and embryo metabolism. The
plasma components of the oviductal fluid are protein macromolecules albumin and
immunoglobulin G (Leese, 1988). Also present is the oviduct-secreted protein (OSP) that has
a role in enhancing sperm binding and penetration of oocytes. There is a growing body of
research into the identification and characterisation of OSPs and the mechanisms of their
interactions with gametes (Figure 1-5). Additionally, there are other factors present in the
oviduct microenvironment including regulatory molecules such as protease inhibitors, growth
factors, cytokines, binding proteins and enzymes (Buhi et al., 2000).

Figure 1-5 Role of oviductal secretions on sperm functions. (+) and (-) represent stimulatory or
inhibitory impacts respectively.

1.3 Two Dimensional (2D) Cell Culture
Cell culture is defined as process during which cells are removed from an in vivo environment
and seeded into an artificial environment in vitro (Cooke et al., 2008). Optimisation of the
culture environment is essential to enable cells to grow in vitro and variables include growth
media and culture substrate. The nature of the cell culture surface has an important role in
cell attachment, proliferation, and function. Extracellular matrix (ECM) components are often
used to coat culture surfaces to enhance cell attachment in vitro. Indeed, each cell type needs
components that more accurately mimic their native environment (Cooke et al., 2008).
Monolayer cultivation, a 2D cell culture method of cells that is applied widely in
biomedicine requires an artificial substrate that is correctly charged and treated, to facilitate
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cell adhesion and proliferation. Appropriateness of the substrate is critical as poor adhesion
and overcrowding inhibit cell proliferation (Khoruzhenko, 2011). Most mammalian cells need
to be adherent to suitable surfaces which can mediate anchorage-dependent viability and
function, and the absence of this element often causes cell death (Jammalamadaka and Tappa,
2018). Common substrate materials used in two-dimensional cell culture are polystyrene or
polyvinylchloride. As synthesized, polystyrene is hydrophobic and is unable to provide
appropriate surface for attachment of cells. Therefore, the tissue culture plastics are treated by
electrical discharge, or gamma irradiation to make wettable active surface. An alternative to
the use of these single-use plastics is glass but this is expensive (Freshney, 2010).
Cells in vivo are imbedded in the ECM which works as a supporting scaffold for the living
cells and guides cellular architecture at the tissue level. ECM organization is complicated and
varies between tissues within a living organism, so it is not easy to be mimicked in vitro.
However, understanding how the cell adheres to the ECM in vivo helps to build the knowledge
to improve cell culture, either 2D or 3D, in term of cell adherence and migration within
different scaffolds (Even-Ram and Yamada, 2005).

1.3.1

Extracellular Matrix

Cell matrix adhesion causes cells to impart intracellular or extracellular forces at the localized sites
of extracellular framework. These sites are mediated by integrin which acts as an adhesion anchor
between cells or matrix (Figure 1-6). The integrins and adhesion cells links the extracellular matrix
to the actin filaments of the cytoskeleton by the process of focal adhesion (FA) (cell adhesion
process in vitro are described in appendix. 4). ECM enhances cells-to-cell communication, cell
adhesion and differentiation. It also contains a mixture of growth factors, polysaccharide and
proteins such as collagen, fibronectin, elastin and laminin. Cell shape is strongly connected to
the role of the cell in the body, and is consequently determined by ECM mechanics and
components (Li and Kilian, 2015). Collagen is a triple-helical protein that functions as the
major constituent of the ECM of almost all tissues, constituting over 30% of the total proteins
of which the majority percentage is for Collagen type I (Theocharis et al., 2016). Gelatin is
obtained by the partial hydrolysis of collagen. The use of both collagen and gelatin in cell
culture has increased recently. Within one type of tissue, a heterogeneous mix of different
types of collagen fibers are generally produced with predomination of one type of collagen
(Frantz et al., 2010). The fibronectin found in the ECM is a large glycoprotein that can be
present in two forms; as plasma fibronectin and cellular fibronectin (Hynes, 1990). Fibronectin
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is composed of two approximately 250 kDa subunits and is ubiquitously found in ECM. It has
been implicated in many essential cell processes including adhesion and migration (Figure 16). Fibronectin is a very large molecule which explains the impact of its conformation on its
biological functions (Zollinger and Smith, 2017). The Fibronectin sequence contains an
arginine−glycine−aspartic acid (RGD) cell binding motif which promotes efficient cell
adhesion (Tasiopoulos et al., 2018). Cell adhesion to ECM provides tissue architecture and is
responsible for most of the biological processes by triggering signals between cells. The cell
adhesion to ECM components is primarily facilitated by integrin receptors. Integrins are
transmembrane linkers between the extracellular matrix proteins and the cytoskeleton in the
cells . Integrin receptors also consist of noncovalently associated a and b subunits, which
interact with the actin cytoskeleton in cells. This interaction causes signalling to the cell
nucleus during adhesion to initiate cell proliferation (Freshney, 2010).

Figure 1-6 A schematic view shows the factors that are involved in cell adhesion(Khalili and
Ahmad, 2015).

1.3.2

In Vitro Cell Culture Substrate Preparation

The application of fibronectin, collagen or other cell matrix products to in vitro cell culture
substrate can be achieved through using a previously-used substrate for second seeding or
commercially supplied fibronectin or collagen, or a combination of both. Such substrate pretreatment involves pouring a collagen or fibronectin solution over the substrate surface and
allowing the excess to flow off. However, this procedure may result in detachment of collagen
during cell culture. Thus, it is necessary to anchor the collagen to the substrate by crosslinking
the collagen or fibronectin to the plastic substrate with carbodiimide (Freshney, 2010). Another
method to overcome collagen detachment or insufficient substrate absorption was described in
a study where it was found that insufficient cell adhesion on collagen treated PDMS substrate,
due to poor collagen absorption, was improved by covalent bonding of collagen to the substrate
(Ku et al., 2010). Another method applied to improve 2D cell culture substrates is the
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application of an RGD tripeptide derivative which facilitates substrate interaction with cell
surface integrins . N. Zanina and his team (2013) have studied the effect of fibronectin or
collagen IV on adhesion of

Caco-2 tumoral cells on polyelectrolyte film- functionalized

surfaces. They found that collagen enhanced cell motility and proliferation (Zanina et al.,
2013). In another study, human dental pulp stem cells were seeded on a chitosan scaffold coated
with either RGD or fibronectin molecules to support cellular attachment. It was found that
chitosan scaffolds and chitosan- RGD did not support stem cell attachment while fibronectinimmobilized chitosan scaffolds strongly enhanced cellular attachment but not the
differentiation process (Asghari Sana et al., 2017). Also, PC12 cell adherence on different
surfaces coated with collagen I, collagen IV, fibronectin and laminin. Results showed that
PC12 cells attached poorly to uncoated glass surfaces, whereas glass surfaces with adsorbed
proteins supported a significant increase in adherence (Cooke et al., 2008). Substrate surface
pre-treatment is therefore necessary to enhance cell proliferation and adhesion in a 2D culture.
Cell culture models that provide an environment resembling in vivo morphology are important
to advance understanding of human physiology. However, in the two dimensional cultivation
of cells, histological characteristics are generally lost, which affects cells behaviour (Figure 17). For example, cells of the thyroid gland lose their follicular organization when they are
cultured in a monolayer. This leads to a decrease in the cell’s ability to transport iodine
(Khoruzhenko, 2011). Furthermore, the conventional 2D monolayer cell culture of oviduct
epithelium cells (OVECs) does not reflect morphologic characteristics of OVECs in vivo
(Miessen et al., 2011). Bovine OVECs grown in monolayer lost most of the critical
morphological characteristics that play an important role in reproductive processes. These
characteristics include a reduction of cell height, flattening on the culture surface, and loss of
cilia and secretory granules (Palma-Vera et al., 2014). It can therefore be concluded that 2D
culture cannot mimic the oviduct environment (Rottmayer et al., 2006). Therefore,
reproductive researchers have attempted to develop novel methods of cell culture that more
closely represent the in vivo tissue environment and morphology (Edmondson et al., 2014) (Lv
et al., 2017). Characteristics of 2D and 3D cell culture system are described in appendix. 5.
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Figure 1-7 The difference between cells growing in 2D and 3D
environment (Edmondson et al., 2014)

1.4 Cell viability assays
There are a number of cell viability assays that can be used to determine quantity of viable
eukaryotic cells following an experiment (Stoddart, 2011). These assays often involve
incubation of cells with substrate reagent that viable cells convert to a product that can be
analysed using a plate reader. As only living cells can convert substrate to product, the
proportion of substrate converted is a measurement of viable cells (Riss and Moravec, 2004).
1.4.1

Trypan blue exclusion assay

The number of viable cells present in a cell suspension can be determined by dye exclusion
assay. Trypan blue exclusion assay is a simple and rapid method usually taking only 5-10 mins
to quantify cell viability (Avelar-Freitas et al., 2014). This cell viability assay uses coloration
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of dead cells that absorb trypan blue, in contrast to viable cells that have an intact cell
membrane and exclude trypan blue (Strober, 2015). Thus, this technique relies on the
membranes of dead cells being unable to restrict the entry of macromolecules. The assay
requires cells to be in a single cell suspension which is visualised under a microscope to
determine whether cells have taken up the dye or excluded it (Cook and Mitchell, 1989). Viable
cells with clear cytoplasm (no blue coloration) are counted under a magnifying lens utilizing a
hemocytometer. From these tallies, it is generally easy to ascertain the aggregate number of
cells and percent of viable cells in a population (Stoddart, 2011).
The major disadvantage of the trypan blue reduction assay is that it is based on membrane
integrity. It is possible for trypan blue dye to enter cells with an injured cell membrane,
however, these cells may undergo repair and remain viable cells. Nonetheless, all cells staining
blue, regardless of cell death or injury, are deemed as non-viable cells (Cook and Mitchell,
1989).
1.4.2

Tetrazolium reduction assays

Tetrazolium reduction assays provide a more accurate cell viability method, as compared to
trypan blue assay. This type of assay utilises high throughput screening, rather than reliance on
technician counting, to quantify cell viability. There are two categories of tetrazolium
compounds that are commonly used in tetrazolium reduction assays: positively charged MTT
which penetrates viable cells , and negatively charged compounds (MTS, XTT and WST-1)
which do not penetrate cells, viable or non-viable. For the latter to function as a cell viability
assay, an intermediate electron acceptor is required to facilitate tetrazolium reduction to
produce the coloured formazan product (Riss and Moravec, 2004).

1.4.2.1

MTT assay

The principal behind the MTT assay is that mitochondrial activity is constant in viable cells
and therefore increases or decreases in number of viable cells are linearly related to
mitochondrial activity (van Meerloo et al., 2011). For determination of cell viability in drug
screening

protocols

the

hydrogen

acceptor

3-(4,5-dimethylthiazol-2-yl)-2,5

diphenyItetrazolium bromide (MTT) is used. This enzyme-based assay utilizes the
mitochondrial dehydrogenases, to determine the viable cells using calorimetric assay. During
this assay, tertazolium MTT is changed into purple formazan crystal by NADH due to
mitochondrial activity of the viable cell (Figure 1-8). Purple formazan needle like crystal are
solubilized before measuring the absorbance (Vistica et al., 1991).
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Figure 1-8 Principal of MTT assay, reaction in mitochondria, reaction of MTT change into formazan
(46).

1.4.2.2

MTS assay

Viable cells reduce the tetrazolium salt MTS to its soluble formazan product whose absorbance
is measured by spectrophotometer. MTS is used with phenazine methyl sulfate (PMS) or
phenazine ethyl sulfate (PES). These intermediate electron acceptors become reduced in the
cytoplasm or at the cell surface. Their reduced form leaves the cell and accumulates on the
surface, where it changes tetrazolium in the culture medium into soluble formazan and hence
avoids the need for solubilization of formazan product. The major disadvantage is its use of
highly toxic intermediate electron acceptor (Berridge et al., 2005). MTS must be used in a
narrow concentration range that must be optimized for each cell line (Riss et al., 2016).
These assays (trypan blue, MTT and MTS measure the viability of the cells but not the
functionality of treated cells. There are many types of assays that evaluate the cell function
based on their type and the purpose of the experiment such as measuring antibodies present
and hormone production. One of the most popular is the enzyme-linked immunosorbent assay
(ELISA) (Casadevall et al., 1992).
1.4.3

ELISA:

ELISAs are quantitative immunological assays used to measure different elements in biological
samples such as antibodies and glycoproteins. The basis of this assay is that specific antibodies
bind the target antigen in the sample (Figure 1-9). The ability to coat the plate of the assay
with high-affinity antibodies gives this assay highest sensitivity and specificity than other
assays. There are a large number of commercially available ELISAs for different purposes, that
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have been utilized in many studies to support the finding of the experiments(Althouse and
Hixon, 1999).

Figure 1-9 The main principle of ELISA assay

1.5

3D-BioPrinting

3D printers have traditionally been used with materials such plastic, metal, or food, to create
an object with a 3-dimensional shape. These non-biological products vary from jewellery and
clothing, to high-end manufactured items (Australian Academy of Science, 2016). Similarly,
3D bio-printers can be utilised to form 3-dimensional structures using biomaterials such as
ECM and living cells. The process is auto-mated, using computer technology as computeraided design (CAD) software to deposit these living cells on the matrix (Ventola, 2014,
Australian Academy of Science, 2016). The aim of 3D bio-printing is to create complex 3D
tissue structures that mimic the same organs present in living bodies with multiple cell types,
similar quantities of each cell type and comparable tissue structure architecture. Researchers
from the ARC Centre of Excellence for Electro-materials Science (ACES) used 3D bio-printing
to develop what has been referred to as a ‘benchtop brain’. This structure has been developed
from neural cells that comprise six-layers, in order to simulate features of brain tissue
(Australian Academy of Science, 2016).
3D-bioprinting techniques can differ with the three major categories defined as inkjet-based
bio-printing, extrusion bio-printing and laser-assisted bio-printing (Li et al., 2016a). Of these
methods, extrusion-based has the ability to produce tissues with superior structural integrity.
This is due to the focus on printing living cells by extruding continuous filaments rather than
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in drops as with other methods. Cells are extruded under constant pressure in the form of a
continuous filament, through a microscale nozzle orifice or microneedle onto a substrate. These
cells are applied in layers through a computer-controlled motion, to construct the final 3dimensional tissue structure. The pressure in this system is supplied by either pneumatic,
piston-driven or screw-driven force. This method relies on the use of polymer of hydrogel to
be combined with the living cells and loaded in syringes, then dispensed onto the substrate
(Pati et al., 2015). There are parameters that can influence the resolution of the bio-printing,
such as high-pressure, small nozzle diameters and speed of the printer head (“feed rate”) as
these factors can cause damage to cells and effect the line width of the structure. Despite the
increased cell viability that results from the use of low pressure and a bigger nozzle, the final
construct may lack shape and have limited resolution. This is an important consideration when
optimising the ideal conditions for 3D bio-printing using the extrusion method (Pati et al.,
2015).
The key elements required for bio-printing are the cells and biomaterial. The choice of
biomaterial is based on the properties of the desired cells, as the stiffness, functional groups
and surface morphology of biomaterial can affect cellular behaviour (Li et al., 2016a). The
cells are encapsulated within the biomaterials, which are chosen because they will provide an
environment similar to the native tissue conditions. When combined together, this mixture is
referred to as the “bio-ink”. The biomaterials support and stabilise the cells to attach and grow
in the desired 3D structure (Li et al., 2016a). In this manner, one of the primary difficulties in
the 3D bioprinting field has been to discover materials that are not just compatible with cells,
but also give the coveted mechanical and functional properties for tissue constructs (Murphy
and Atala, 2014b). Achieving this is dependent upon the development of optimised cellular
matrices.
1.5.1

Matrix in 3D bio-printer:

The ECM can be replicated in 3D-bioprinting using biomaterial, or called matrices (Lee et al.,
2008). Biomaterials can be defined as being any material that interacts with biological systems,
hence the affinity of cells to any type of substrate is an important consideration in biomaterial
development (Khalili and Ahmad, 2015). Properties that need to be considered are surface
chemistry, surface reaction, surface roughness, surface charge, contact angle, and rigidity.
These characteristics determine the cell-biomaterial and cell-cell interactions. Therefore, cell
attachment, viability, and differentiation are achieved (Jammalamadaka and Tappa, 2018).
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Optimization of matrices as ideal scaffolds for a specific cell type requires a better
understanding of the impact of substrate properties on these cells (A.P. Balgude, 2001). Since
biomaterials used in 3D bioprinting should represent ECM within a specific tissue in vivo and
there are different types of cells with their own specialized ECM, the physical chemical aspects
of these materials should be considered (Forget et al., 2017). Hence, the biomaterials with
adjustable properties are highly valuable because it gives the researchers a chance to reproduce
biomaterial that mimics the native ECM (Forget et al., 2017). The balance between ideal
structure and functionality of a biomaterial is hard to achieve. Chemical and physical reactions
occur between cell and biomaterial, and affects cell behaviour (Santos et al., 2017). Some
important biomaterial properties are described in appendix. 6.
1.5.1.1

Viability of encapsulated cells.

It is important that biomaterials preserve encapsulated cell viability for longer periods of time,
and this property called “biocompatibility”. in 2005, CHO and embryonic motoneuron cells
were first successfully deposited into a pre-defined pattern. Less than 8 % cell death was
observed and that was satisfactory (Li et al., 2016b). Since then Researchers (Bertassoni et al.,
2014) successfully built HepG2-loaded GelMA hydrogels presenting high cell viability, more
than 95 %, for 8 days. Maintaining post-bioprinted or encapsulated cell viability and
functionality is an important step in biomaterial development (Li et al., 2016b).
1.5.2

Different Matrices in 3D bio-printing

A general need for biomaterials is to provide an extracellular matrix environment for cells to
grow outside of their native tissue. Hydrogels, three-dimensional polymers, are commonly used
in 3D bioprinting because of the ability to adjust their chemical and physical properties.
Natural and synthetic derivatives are two groups of polymers that used in 3D bio-printing.
Synthetic polymers, such as polyethylene, have some advantages such as high versatility and
good workability since they are tightly regulated (Haycock, 2011). However, lack of biological
functionality of synthetic polymers is one of the main disadvantages of this group as they do
not possess functional binding sites for living cells (Birla, 2014). Naturally derived polymer
biomaterials like collagen, fibrin, chitosan, agarose, and alginates, and starch, are directly
extracted from biological source such as plants, animals, or human. Unlike the synthetic group,
natural polymers in general show a good biocompatibility and low toxicity for living cells
(Haycock, 2011). However, they have some drawbacks such as variation in quality which
leads to poor reproducibility, a complex or undefined structure, and also limitations to
modifying mechanical properties such as viscoelasticity (Ruedinger et al., 2014).
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As the main role of collagen is to provide mechanical support to tissue, collagen has become
a commonly used natural biomaterial in 3D cell culture. Chitosan, another natural polymer, is
a polysaccharide commonly derived from the exoskeleton of crustaceans and insects. Chitosan
can be shaped into 3D structures by ionic bonding or covalent crosslinking. Hepatocyte cells
were cultured on chitosan scaffolds maintained their cells morphology and metabolic activity
Other examples of natural polymers are Glycosaminoglycan (GAGs), Silk Fibroin and Starch
(Haycock, 2011).
Native Agarose (NA) is a natural polysaccharide that has 1,3-linked- beta-d-galactose and 1,4linked 3,6-anhydro alpha-l-galactose residue repeating units. It is extracted from marine red
algae and it is abundant and commercially available (Yixue et al., 2013). Agarose is very
soluble in water because of the high amount of hydroxyl groups (Haycock, 2011). It also has
a helical secondary alpha structure. Helical content is responsible for viscosity (gelation).
Therefore, controlling the density of helices by changing the concentration leads agarose gels
with different viscosity. NA undergoes thermally reversible gelation. The process of transition
from solution-to-gel (Tsol-gel) in NA occurs at RT which is lower than the gel-to-solution
transition (Tgel-sol), about 90℃. This phenomena is called the hysteresis (Forget et al., 2017).
Agarose has many desirable characteristics as a biomaterial including its non-toxic,
inexpensive and readily-available nature, but this and other hydrogel do not support cell
adhesion due to its high hydrophilicity (Yixue et al., 2013), and lack of cell adhesion domains
(Ulrich et al., 2010) (Forget et al., 2017). Aizawa et al. therefore modified agarose with
glycine–arginine–glycine–aspartic acid–serine (GRGDS) to create a cell-adhesive matrix
(Aizawa et al., 2008). The limitation of this is that the rich biochemical and topological
information encoded in full-length ECM proteins is not reproduced (Ulrich et al., 2010). Au et
al. found that agarose covalently modified with collagen supported the attachment of primaryderived canine hepatocytes and human neoplastic hepatocellular carcinoma (HepG2) cells (Au
et al., 2012).
Chemical modification of Agarose, such as carboxylation, is another way to improve properties
of this gel. In Caroxylatead Agarose (CA), the hydrogel chains are heterogeneous which means
they have two secondary structures (a-helices and b-sheets). Because the modification of
agarose by carboxylation reduces the number of helices that can interact in crosslinking points,
a significant decrease in the mechanical properties is noticed with increasing carboxylation.
Consequently, the viscosity of the gel could be decoupled from its mechanical properties which
adds an advantage to the gel. This unique feature of CA reduces shear stress induced cell death
during printing processes. Moreover, the Tgel-sol and Tsol-gel decrease by increasing the
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carboxylation. human mesenchymal stem cells (hMSCs) were printed by using 2% w/v
solutions of NA, and CA with different degree of carboxylation. Cells with Nonprinted NA
hydrogel were used as a negative control to investigate print process effects. By comparing
between MSC viability in printed and nonprinted NA hydrogel, it was found that the printed
NA gels had lower cell viability (65%). However, negligible change in cells viability was
found when the cells were printed in CA with different degree of carboxylation. In the same
study, as CA and NA showed a limitation in cell adherence, both were modified with cell
adhesion protein to promote cell adhesion. Interestingly, cell viability increased with both gel,
CA and NA. However, there were slight differences in viable cell numbers with different
amount of carboxylation degree (Forget et al., 2017).

1.6 Project Aims
This research project aims to develop a biomaterial suitable for production of a 3D printed
Oviduct by:
•

Examining the viability and function of human ovarian carcinoma (OVCAR) cells in
different types of matrices with or without of collagen and/or fibronectin.

•

Applying the optimized biomaterial and culture conditions to primary-derived oviduct
cells

1.7 Hypothesis
Mixed cell suspension obtained from Oviduct will maintain viability and function for 48h when
encapsulated in Carboxylated Agarose (CA) matrix mixed with 10μg/ml fibronectin.
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2 Method
Reagents
See Appendix. 1 for chemicals, reagents, tools, and instruments.

2.1 Cell Culture Reagents
Complete RPMI 1640 media was prepared by dissolving and filtering (0.22 μm MinisartÒ
filter) foetal bovine serum (FBS; 10% v/v), Insulin-transferrin-selenium supplement(ITS;
insulin(5μg/ml); transferrin(5μg/ml; selenium(5ng/ml) ) and penicillin-streptomycin (1%v/v of
10000 units/ml penicillin;10 mg/ml streptomycin ) in RMPI-1640 media. The complete media
was stored at 4 °C and used within 2 weeks.
1x (0.1%)Trypsin-EDTA was stored at -20°C and used as required.
A 20× phosphate buffered saline (PBS) stock solution was prepared by dissolving sodium
chloride (NaCl; 160 g), potassium chloride (KCl; 4 g), disodium hydrogen phosphate
(Na2HPO4; 28.8 g), and monopotassium phosphate (KH2PO4; 4.8 g) in reverse osmosis (RO)
water (900 mL). This was made up to 1 L with RO water. A 1× PBS solution was prepared by
diluting the 20x stock solution in RO water and adjusting the pH to 7.2-7.4. The solution was
autoclaved and stored at room temperature (RT) between 20 °C to 25 °C.

2.2 Oviduct Disaggregation Reagents
Complete Minimum Essential Medium Eagle (aMEM) was prepared by dissolving FBS (10%
v/v), penicillin-streptomycin(1%v/v of 10000 units/ml penicillin;10 mg/ml streptomycin ),
antibiotic antimycotic solution (1% v/v), ITS (insulin(5μg/ml); transferrin(5μg/ml;
selenium(5ng/ml)), beta Estradiol (E2; .01mg/ml) obtained from Flinders Medical Centre,
epidermal growth factor (EGF; 2μg/ml) and L-Glutamine solution (200 mM) in aMEM
medium. Then complete media was filter sterilised (0.22 μm MinisartÒ filter) and stored at 4
°C and used within 2 weeks.
Collagenase from Clostridium histolyticum was prepared by dissolving collagenase (20 mg) in
aMEM medium (2 mL) to obtain 1% . The enzyme was filter sterilised and stored -20 °C.
Complete Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM F12)
was prepared by dissolving and filtering (0.22 μm MinisartÒ filter) foetal bovine serum (FBS;
10% v/v) in DMEM F12 medium. It was used to transfer whole Oviduct from the animal house
to the laboratory. The complete medium was stored at 4 °C and used within 2 weeks.
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2.3 Cell Viability Assay Reagents
2.3.1

Thiazolyl Blue Tetrazolium (MTT) Reagents

MTT powder (150 mg) was dissolved in sterile 1× PBS solution (30 mL) for a final
concentration of 5 mg/mL. These components were mixed using a magnetic stirrer and filtered
through a 0.22 μm MinisartÒ filter. Aliquots (5 mL) were stored at -20°C in the dark. 12 M
hydrochloric acid (HCl; 0.8333 mL) was added to a volumetric flask containing RO water
(~400 mL), and made up to 500 mL to afford a 0.02 M HCl solution that was stored in the fume
hood at RT. Sodium dodecyl sulphate (SDS; 40 g) was combined with 0.02 M HCl (100 mL)
and stirred under low heat in the fume hood until dissolved. The SDS solution was decanted
into a volumetric flask and made up to 200 mL with 0.02 M HCl solution. The solution was
stored in fume hood.
2.3.2

Preparation of Trypan Blue Dye

Trypan blue (0.2 g) was added to a solution of NaCl (0.9 g) dissolved in 100 mL of MilliQ
water, and filtered through a 0.22 μm MinisartÒ filter. The trypan blue solution was stored at
RT.
2.3.3

Preparation of Tetrazolium (MTS) Reagents:

To prepare the MTS solution, MTS powder was dissolved in 1× PBS solution ( 2 mg/mL),
producing a clear golden-yellow solution. Phenazine ethosulfate (PES) was dissolved in the
MTS solution to give a concentration of 0.21 mg/mL. The pH was adjusted to between 6.0 and
6.5 using 1 M HCl, and the solution was filtered through a 0.22 μm filter into a sterile, light
protected container. The MTS solution was stored at -20°C until required.

2.4 Matrix Preparation
2.4.1 2%(w/v) Agarose Gel:
Agarose powder (Bio-Rad Laboratories, Inc; 100 mg) was dissolved in distilled water (5 mL)
in a water bath at 90°C for 20 min to achieve a 2% (w/v) agarose solution. The agarose solution
was kept at 90°C until dispensed into appropriate containers and prepared on the day of
experimental use.
2.4.2 2% (w/v) Carboxylated Agarose Gel:
Carboxylated agarose powder (CA) (Applied Chemistry and Translational Biomaterials
(ACTB) Group, (Forget et al., 2017)) was prepared using the same method described above for
2% (w/v) agarose gel, but water bath temperature was 85°C. The gel was prepared in the same
day of the experiment.
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2.4.3 Collagen Solution
Collagen solution was prepared using hydrolysed bovine collagen (type I and III combined) by
dissolving 5 and 25 mg in PBS (500 μL), to obtain 1 and 5% w/v solutions, respectively. These
solutions were prepared immediately prior to use.
2.4.4 Fibronectin Solution
Fibronectin was dissolved in distilled water (1 mg/mL) at 37°C. Stock solution was stored at 20°C until required. Standard solutions were prepared by diluting 1 or 10 μL fibronectin stock
solution in 999 and 990 μL of PBS, respectively, to produce concentrations of 1 μg/mL and
10 μg/mL, which were used immediately.
2.4.5 Matrix Preparation for Encapsulated Cells
2.4.5.1

Carboxylated Agarose Gel

CA (20 mg) was dissolved in complete RPMI media (950 µL) at 80°C for OVCAR cell
encapsulation and in aMEM (950 µL) for primary-derived oviduct cell encapsulation. The
solution was then transferred to a heating block set at 40°C and irradiated under UV light for
30 minutes. The solution was then used immediately to encapsulate cells.
2.4.5.2

Carboxylated Agarose Gel with 5%w/v Collagen

OVCAR cell encapsulation was repeated using the same method described above, with the
following changes: CA (20 mg) was dissolved in 650 μL complete RPMI media and cooled to
40°C to avoid temperature drop upon collagen addition. Collagen (50mg) solution prepared in
complete RPMI media (300 μL) was added to CA solution and sterilised.
2.4.5.3

Carboxylated Agarose Gel with 10 μg/mL Fibronectin

OVCAR cell encapsulation was repeated with addition of fibronectin using the procedures
described above, but CA (20 mg) was dissolved in 940 μL complete RPMI media, and the
solution was cooled to 40°C prior to addition of fibronectin (10 μL) stock and
sterilisation.
2.4.5.4

Carboxylated Agarose Gel with 10 μg/mL Fibronectin and 5% Collagen

Encapsulation of OVCAR cells using CA gel with fibronectin and collagen followed
procedures described above with 20 mg CA dissolved in 640 μL complete RPMI media. A
further 300 μL complete RPMI media with dissolved collagen (50 mg) and fibronectin stock
(10 μL) were added to the gel solution prior to UV sterilisation. Encapsulation of primaryderived oviduct cells was achieved using the same method, but instead of RPMI media, aMEM
medium was used.
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2.5 Cell Line Maintenance and Subculture
Human ovarian carcinoma epithelial (OVCAR-3) cells (ATCCÒHTB-161Ô), with 96h as
population doubling time(PDT), were maintained in complete growth RBMI-1640 media. The
cells were incubated in a sterile tissue culture flask (T75 flask) at 37 °C in the presence of a
humidified atmosphere of 5 % CO2. The medium was renewed every two to three days. The
cells were sub-cultured when they reached 80 to 90 % confluence. In a biosafety cabinet, the
old media that contained floating dead cells was aspirated by using vacuum aspiration and then
the flask was washed with sterile 1xPBS (10 mL). The cells then were detached by incubating
them at 37 °C with 10 % trypsin-EDTA (5 mL) for 10 to 15 min. When all of the cells were
detached, complete media (4 mL) was added to stop trypsinisation and to flush down the floor
of the flask. The detached cells were collected from the flask in a 50 mL tube and centrifuged
at 259 g for 5 min. The supernatant was discarded and the pellet was resuspended in complete
RBMI media (4 mL). Aliquots of the cell suspension (1 mL) were transferred to new T75
labelled flasks that contained complete RPMI media (20 mL). The flasks were then incubated
in 37 °C and 5 % CO2.

2.6 Cell Viability Assays
2.6.1

Trypan Blue Exclusion Assay

This assay was used to determine cell viability of the OVCAR cell suspensions. Cell
suspension (50 μL) was collected by trypsinization, and transferred to a 96-well plate and
mixed with trypan blue dye solution (50 μL ) at RT. An aliquot of the mixture (10 μL ) was
loaded onto a haemocytometer slide (Marienfeld; Germany) containing nine large squares to
count the cells under a microscope (Leica WETZLAR microscope). The viable cells were
golden while the non-viable cells were stained blue. The average number of viable cells was
determined by counting the viable cells in four squares. The mean number of viable cells in 1
mL was calculated by multiplying the average number by the dilution factor (2) and by the
correction factor (104). The formula that was followed to count the viable cells/ml is:
(Number of viable cells) × 104 × 2 = cells/mL culture
2.6.2

MTT and MTS Assay Standard Curves

After calculating OVCAR cell number by using the trypan blue exclusion assay, a single cell
suspension that had a cell density of 800,000 cells/mL was used prepare a standard curve of
MTT and MTS in six replicate wells. A 96-well flat bottom plate had 100 μL of complete
RPMI media added to wells 2 to 11. The cell suspension was diluted serially 1:2 in the wells
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that were prepared starting with 40,000 cells to 0 cells that contained media only as the control
(Figure 2-1). The plate was incubated for 24 h at 37 °C and 5% CO2 to allow cell attachment
to the wells.
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Figure 2-1 A 96-well plate layout for MTT and MTS Assay standard curve

2.6.2.1

MTT Cell Viability Assay

After a 24-hr adherence period, the seeding media were removed from the wells and replaced
with MTT solution (200 μL, 0.5 mg/mL). The cells were then incubated for 24 hrs at 37 °C
and 5% CO2. Subsequently, 20 % SDS in 0.02 M HCL (80 μL ) was added to dissolve formazan
crystals. The plate was then incubated for 18 hrs at RT in the dark. Reading of the plate was
performed using a spectrophotometer (BioTek Quant Microplate; American Laboratory
Trading) at 570 nm with background absorbance at 630 nm using the KCjuniorTM software.
This assay was repeated at three different time points (24, 48 and 72 hrs) (Figure 2-2).
2.6.2.2

MTS Cell Viability Assay

After 24-hr adherence period, the plate was taken out of the incubator. MTS reagent (20 μL )
was added to the wells, then the plate was incubated at 37 °C in 5% CO2 for 2 hrs. Reading of
the plate was done by using spectrophotometer (Quant automatic spectrophotometer) at 490
nm with non-reference using KCjuniorTM software. This assay was repeated at three different
adherence periods (24, 48, and 72 hrs) (Figure 2-2).
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Figure 2-2 MTS(A) and MTT(B) standard curves for OVCAR cells. OVCAR cells were incubated for
24h to allow cell adherence in a 96-well plate. After incubation time MTT or MTS was applied as
described in (MTT, 2.6.3 section; MTS, 2.6.4 section). Mean ± standard deviation of optical density for
6 replicate wells/experiment (n=3) shown.

2.7 Matrix Interference with MTT Assay
This experiment was conducted to investigate whether 2% (w/v) agarose and CA gels
interfered with the MTT assay. 2% (w/v) agarose and CA gels prepared as described in (section
2.4.1) and (section 2.4.2) (50 μL per well) were added to a 96-well plate and kept at 4 °C for 2
hrs. Complete RPMI media (100 μL) were added on top of these gels and wells with only
complete RPMI media (100 μL) were used as a negative control. MTT solution (200 μL, 0.5
mg/mL) was then added to each well and the plate was incubated for 2h at 37°C and 5 % CO2.
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Subsequently, 80 μL of 20% SDS in 0.02 M HCL was added to the wells and the assay
completed as described above (section 2.6.2.1).
2.7.1

Matrix Interference with SDS Dissolution of Formazan Crystals in MTT Assay

The aim of this experiment was to investigate whether 2% (w/v) agarose and CA gels
interfered with SDS dissolution of formazan crystals in MTT assay as indicated in (Figure 24) step (1). Trypsinized OVCAR cells (20 ×103) were seeded into a 96-well plate and incubated
at 37°C and 5 % CO2 for 24 h. MTT solution (200 μL, 0.5 mg/mL) was added to the wells and
the plate was incubated for 24 hrs at 37°C and 5 % CO2. Then, 80 μL of 20 % SDS in 0.02 M
HCl was added. In the same time, 2% (w/v) agarose gel and CA gel (50 all; prepared as
described in section 2.4.1 and section 2.4.2) were added to the wells. Wells with cells only
were used as positive control while wells with gel but without cells were used as negative
control (see Fig. 2-4). The MTT assay was completed as described previously.
2.7.2

Matrix Interference Spectrophotometer Reading of 570 nm OD Readings

This experiment was conducted to demonstrate whether 2%(w/v) agarose and CA gels
interfered with spectrophotometer reading in MTT assay. The same previous experiment in
section (2.7.1) was conducted. The only difference was in which step the gels were added, here
the gels were added immediately before reading as indicated in (Figure 2-4) step 2.
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Figure 2-3 A 96-well plate layout for Matrices interference with MTT/MTS Assay.
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Figure 2-4 A scheme of MTT assay to explain at which stage the matrix was added
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2.8 Matrix Interference with MTS Assay
This experiment was conducted to investigate whether 2% (w/v) agarose and CA gels
interfered with MTS reading. 2%(w/v) agarose gel and CA gel (prepared as described in section
2.4.1 and section 2.4.2; 50 μL) were added to 96-well plate and kept at 4°C for 2 h to solidify.
Complete RPMI media (100 μL) was added. Complete RPMI media (100 μL) wells without
gels were used as a negative control. After 2 h incubation at 37°C and 5 % CO2 , MTS assay
was applied as described in (section 2.6.2.2). This experiment was repeated on three separate
occasions (n=3).
2.8.1

Matrix Interference with MTS Includes Dissolution of Formazan Crystals

The aim of this experiment was to investigate whether 2% (w/v) agarose and CA gels
interfered with MTS Includes Dissolution of Formazan Crystals in MTS Assay as indicated in
(Figure 2-5) step (1). OVCAR cells (20×103), collected by trypsinization, was seeded in 96well plate and incubated at 37°C in 5% CO2 for 24h. Then MTS reagent was added to the wells
(0.33 mg/mL in the final concentration). In the same time, 2% (w/v) agarose gel and CA gel
(prepared as described in section 2.4.1 and section 2.4.2; 50 all; 50 μL) were added the wells
as indicated in (Figure 2-3). The positive control was cells only without gel while wells with
gels but without cells were used as negative control. The plate was incubated at 37 °C in 5%
CO2 for 2 h. Reading of the plate was done by using spectrophotometer (Quant automatic
spectrophotometer) at 490 nm with non-reference using KCjuniorTM software. This experiment
was repeated on three separate occasions (n=3).
2.8.2

Matrix Interference Spectrophotometer Reading of 490 nm OD Readings

This experiment was conducted to demonstrate whether 2% (w/v) agarose and CA gels
interfered with spectrophotometer reading in MTS assay. The same previous experiment in
section (2.8.1) was conducted. The only difference was in which step the gels were added, here
the gels were added immediately before reading as indicated in (Figure 2-5) step 2. This
experiment was repeated on three separate occasions (n=3).

25

Cells were added to 96-well plate and
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Figure 2-5 A scheme of MTS assay to explain at which stage the matrix was added.
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2.9 Matrix Interference with ELISA
This experiment was done to investigate whether Matrices interfered with ELISA assay. A 96well plate was coated with 2 (w/v) % agarose gel and CA gel (prepared as described in section
2.4.1 and section 2.4.2; 50 μL). Both gels solidified within 30 minutes at RT. Then complete
RPMI media (100 μL) was added on top of the matrices. The plate was incubated at 37 °C in
5% CO2 for 24, 48 and 72h. After the designated incubation time, media from the top of each
well (75 μL) was collected and examined in ELISA (Commercial kit; Cayman Chemical NO.
582601) This experiment was repeated on three separate occasion (n=3).

2.10 OVCAR Cell Viability and Behaviour on Matrix Surface After 24-hr
and 48-hr Incubation period
2% (w/v) agarose gel and CA gel (prepared as described in section 2.4.1 and section 2.4.2; 50
μL) were added to 96-well plates and kept at 4 °C for 2 hrs to solidify the gel. After 2h, gel
surfaces were coated with collagen (prepared as described in 2.4.3; 1 or 5%; 30 μL ) and
fibronectin (prepared as described in 2.4.4; 1 or 10 μg/mL; 30 μL ) ( see Figure 2-6 ). Then
the plates were kept at 4 °C for 18 hrs. Prior to cell seeding, wells with collagen and fibronectin
were washed three times with Complete RPMI media (80μL), then plates were sterilized under
UV light while the cell suspension was prepared. OVCAR cells (20 × 103) were seeded into
all wells and incubated for 24 and 48 h (see Figure 2-7). Before MTT or MTS assays were
applied, cell morphology was monitored by using a microscope (NiKon eclipse Ts2R) and
counted as described in (section 2-13). This was repeated with 48-hr incubation time. After 48
h, MTT and MTS assays were applied followed the method in section 2.6.2.1 and 2.6.2.2,
respectively. This experiment was repeated on three separate occasions (n=3). Viable cell
number were determined by comparison with a standard curve produced for each experiment.
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Figure 2-6 A 96-well plate layout for 2% agarose gel (plate 1) 2% Carboxylated Agarose gel (plate 2)
coating with different proteins.
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Figure 2-7 OVCAR cells were incubated on different surface substrates with/without adhesion protein.
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2.11 Viability and Behaviour of Encapsulated OVCAR cells After 48-hr
incubation
An OVCAR cell suspension (500,000/mL) was prepared and centrifuged at 340 g for 5 min.
The supernatants were removed and complete RPMI media (50 µL) was added to the pellet.
The pellet was gently pipetted several times to mix and suspend the cells. Subsequently, the
cell suspension (50 µL) was added to sterilised CA matrix solution with or without adherence
proteins(prepared as described in section 2.4.5). Cells with different matrices were mixed
through gentle pipetting. Aliquots of the cells in matrix solutions (50 μL) were added to wells
(25 ×103 cells/well) as indicated in (Fig. 2-8). The plate was kept at RT for 30 minutes to allow
matrices solidified then complete RPMI media (100 µL) was added. OVCAR cells were
incubated at 37 °C and 5 % CO2 for 48 h. Wells containing matrix but without cells were used
as a negative control. Media from the top of each well (75 µL) were collected, to use it in
ELISA, and replaced with new complete RPMI media ( 75 µL). After 48h, MTS assay was
added to the wells and viable cell numbers determined 2h later followed the method in (section
2.6.2.2). Cell morphology was examined using a microscope (NiKon eclipse Ts2R) and
counted as described in section 2.13. Viable cell number were determined by comparison with
a standard curve produced for each experiment.
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Figure 2-8 A 96-well plate layout for 2% CA gel with or without adhesion proteins mixed with OVCAR
cells.

2.11.1 ELISA to Measure Progesterone Secreted by Encapsulated OVCAR Cells:
A commercial ELISA kit (Cayman Chemical; No. 582601) was used to measure progesterone
production by OVCAR cells after 48h encapsulated with the matrix. Complete RPMI media
(75 µL from the top of each well), collected from the previous experiment (section 2.11), was
utilised in this assay. In this competitive progesterone EIA, a mouse monoclonal anti rabbit
IgG, and an acetylcholinesterase progesterone tracer were used.
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2.12 Viability and Morphology of Primary-Derived Oviduct Cells After
48hr Encapsulation
2.12.1 Isolation of Primary-Derived Oviduct Cells:
The oviduct from 6 female mice (BALB/c) with average age of 10 weeks and average weight
of 20 g were dissected and transferred to warm DMEM F12 media ( 3 mL). Each oviduct was
cut into three small pieces (approximately infundibulum and ampulla, excluding isthmus) with
aid of a microscope. Each piece of oviduct , except isthmus, was incubated with collagenase I
(1%; 150µL) at 37 °C with 5% CO2 for 30 minutes, mixed by pipetting for 1 minute then
vortexed at low speed for 30 seconds. The disaggregated tissue preparation was centrifuged at
340 g for 5 minutes. The resulting cell pellet was resuspended in complete aMEM media (150
µL) and cell viability assessed in a trypan blue exclusion assay as described in (section 2.6.1)
2.12.2 Encapsulation of Primary-Derived Oviduct Cells in Matrix:
An Oviduct cell suspension was centrifuged at 340 g for 5 min. The supernatant was removed
and replaced with complete aMEM medium (50 µL). The cell pellet was gently pipetted
several times to mix and suspend the cells. Subsequently, the cell suspension (50 µL) was
added to sterilised CA or CA gel with 10 μg/mL fibronectin and 5% collagen (see description
in section 2.4.5.1 and 2.4.5.4 respectively; dissolved in complete aMEM medium instead of
complete RPMI medium) and mixed thoroughly through gentle pipetting. Aliquots of the cells
in matrix solutions (50 μL) were added to wells (10 ×103 cells/well) as indicated in (Figure 29). The plate was kept at RT for 30 min to allow the solutions to set into gels, and then complete
aMEM medium (100 µL) was added to each well. The plate was incubated at 37°C and 5 %
CO2 for 48 h. Wells with gel but without cells were used as a negative control. MTS assay was
added to the wells and viable cell numbers determined 2h later followed the method in (section
2.6.2.2). Cell morphology was examined using a microscope (NiKon eclipse Ts2R).
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Figure 2-9 A 96-well plate layout for 2% Carboxylated Agarose gel with or without adhesion proteins
mixed with Oviduct cells.
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2.13 Image analysis
To analyse the photomicrographs that were obtained from experiment in (section 2.11) , ImageJ
software was used to manually mark each cell in a photomicrograph as a method to count the
number of cells. For each experimental condition, the same experiment was conducted three
times, on separate days. For each treatment, four photomicrographs from multiple areas were
obtained from each well. The average number of cells across the four wells was calculated to
get an average for that experiment. This method was repeated twice more to gain an average
across the experiment triplicate. To estimate the total cell number for each experimental
condition, the average of actual number of cells per each treatment was calculated following
the equation, after adjusting for objective lens magnification:
Total estimated number of cells per well = Average counted cell number in a well
× (area of the well/ area of the image)

To analyse the photomicrographs that were obtained from encapsulation of OVCAR cells in
CA mixed with 10 µg/ml fibronectin and 5% collagen, photomicrographs were taken from
multiple areas on the gel, grouped and counted according to shape: flattened cells, rounded
cells and cells of irregular shape by using ImageJ software. Again, four photomicrographs
were analysed per well to obtain average number of cells/well as described above.

2.14 Statistical Analysis:
GraphPad Prism software was used to conduct one-way ANOVA with the Tukey-Kramer posthost test and applied to MTT, MTS and P4 ELISA data. Also, a two-way ANOVA with
Bonferroni post-test was used with P4 ELISA data. The P-value was judged to be statistically
significant if it was less than 0.05.
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3 Result
3.1 Matrix Interference with Different Assays

A

B

C

Figure 3-1 A scheme of MTT and MTS assays procedure to show at which stage the matrix was added
in the Interference investigation. (A) Interference of matrices without cells with MTT or MTS assay
(B) Interference of matrices with MTT assay in two steps (C) Interference of matrices with MTS assay
in two steps.
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3.1.1

Interference of Agarose gel and Carboxylated Agarose gel (CA) with MTT assay

The matrices were added at three different steps in the MTT assay process in three separate
experiments. Agarose gel caused a significant increase in OD in MTT assay (Figure 3-2),
wherease CA had a similar OD value when they were tested without cells (Figure 3-1A).
However, when the matrices were added at the same time as SDS solution as shown in (Figure
3-1B step 1), both agarose gel and CA had similar OD value comparing to the media control
after 24h (Figure 3-3). Moreover, when the matrices were added immediately before reading
the OD (Figure 3-1B step 2), there was no significant change in OD value compared to the
control (Figure 3-4).

Optical Density (OD) Value at 570nm

0.014

***

0.012
0.01
0.008
0.006
0.004
0.002
0
Media control

Agarose Gel

CA

Figure 3-2 Interference of matrices without cells with MTT assay. Agarose gel and CA gel (50 μL)
were plated in 96-well plate and solidified within 2h. Complete RPMI media (100 μL) was added
on top of matrices, media only (150 μL) was used as a negative control. MTT was applied after 2
hrs of incubating the media with matrices. The experiment was repeated in three separate occasions
(n=3). Mean ± standard deviation are shown. Analysing data was done by a one-way ANOVA with
the Tukey-Kramer post-host test. The significant difference was assigned p < 0.0001(***) and no
sign at no significance difference (p > 0.05).
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0.7
Optical Density (OD) Value at 570nm

0.6
0.5
0.4
0.3
0.2
0.1
0
Media control

Agarose Gel

CA

Optical Density (OD) Value at 570nm

Figure 3-3 Interference of matrices with dissolving formazan crystals in MTT assay. A 96-well plate
was seeded with 20 ×103/well of OVCAR cells and incubated for 24 hrs at 37 °C and 5 % CO2 to
allow cell adherence. MTT was added for 24h incubation, then SDS solution was added to dissolve
formazan crystals and produce purple colour. Matrices (agarose gel and CA gel; 50 μL) were added
in the same time as SDS solution. The experiment was replicated on three separate occasions (n=3).
Mean ± standard deviation are shown. A one-way ANOVA with the Tukey-Kramer post-host test
was used to analyse data. No sign indicates no significant difference (p > 0.05).

0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
Media control

Agarose Gel

CA

Figure 3-4 Interference of matrices with Spectrophotometer reading (at 570 nm). A 96-well plate was
seeded with 20 ×103/well of OVCAR cells and incubated for 24h at 37 °C and 5 % CO2 to allow cell
adherence. MTT assay was applied and directly before reading, matrices (agarose gel and CA gel; 50
μL) were added. The experiment was replicated on three separate occasions (n=3). Mean ± standard
deviation are presented. Data was analysed using a one-way ANOVA with the Tukey-Kramer post-host
test. No sign at no significance difference (p > 0.05).
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3.1.2

Interference of Agarose gel and Carboxylated Agarose gel (CA) with MTS assay

In the absence of cells, both agarose and CA increased OD readings in MTS assay (Figure 35). but had no effect on the dissolution of cells and formazan crystals wit SDS solution (Figure
3-6). Both agarose and CA also significantly increased spectrophotometer readings of OD

Optical Density (OD) Value at 490 nm

(Figure 3-7). See Figure 3-1A and C for more explination in the assay steps.

0.25
***

***

Agarose Gel

CA

0.2
0.15
0.1
0.05
0
Media control

Figure 3-5 Interference of matrices without cells with MTS assay. Agarose gel and CA gel (50 μL )
were plated in 96-well plate and solidified within 2h Complete RPMI media (100 μL) was added on
top of matrices, media only (150 μL) was used as a negative control. MTS was applied after 2 hrs of
incubating the media with matrices. The experiment was replicated on three separate occasions (n=3).
Mean ± standard deviation are presented. Data was analysed using a one-way ANOVA with the TukeyKramer post-host test. The significant difference was assigned at p < 0.0001(***).
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Optical Density (OD) Value at 490 nm
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0
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CA

Optical Density (OD) Value at 490
nm

Figure 3-6 Interference of matrices with MTS Includes Dissolution of Formazan Crystals. A 96well plate was seeded with 20 ×103 cells/well of OVCAR cells and incubated for 24h at 37 °C
and 5 % CO2 to allow cell adherence. MTS reagent (30 μL) was added to the wells and in the
same time matrices (agarose gel and CA gel; 50 μL) were added. Readings were obtained after
2h. Mean ± standard deviation of three separated experimental replications (n=3) are presented.
A one-way ANOVA with the Tukey-Kramer post-host test was used to analyse data. There was
no significant difference ( p > 0.05) in OD of agarose gel and CA gel compared to negative
control (20 ×103/well of OVCAR cells with RPMI media only).

2.5
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1.5
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0.5
0
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CA

Figure 3-7 Interference of matrices with Spectrophotometer reading (at 490 nm). A 96-well plate
was seeded with 20 ×103/well of OVCAR cells and incubated for 24h at 37 °C and 5 % CO2 to
allow cell adherence. MTS assay was applied and direct before reading, matrices (agarose gel
and CA gel; 50 μL) were added. Mean ± standard deviation of three separated experimental
replications (n=3) are represent. A one-way ANOVA with the Tukey-Kramer post-host test was
used to analyse data. The significant difference was assigned at p < 0.0001(***).
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3.1.3

Interference of Agarose gel and Carboxylate Agarose gel (CA) with ELISA assay

In the absence of cells, 120 pg/mL P4 was measured in control medium due to presence of 10%
FCS in the medium (Figure 3-8), and this concentration did not change during 72h culture,
indicating that the P4 molecules was stable at 37 ℃ for 27h. the addition of agarose or CA to
the culture wells did not affect the measurment in the ELISA.

160.00
140.00
120.00

P4 in pg/mL

100.00
80.00
60.00
40.00
20.00
0.00
24h

48h
Agarose gel

CA

72h
Media control

Figure 3-8 Matrices interference with P4 ELISA assay. Triplicate wells of a 96 well plate was coated
with 50 µL matrices; RPMI media (control), agarose and CA and was incubated with 100 µL media
and conditioned media was collected after 24, 48 and 72 hours. Progesterone in the conditioned media
was assessed in a competitive progesterone EIA in which progesterone concentration (pg/mL) was
calculated by comparing with a standard carve (R2=0.97). Mean±SD of three replicate experiments
shown. Data were subjected to two-way ANOVA with Bonferroni post-test, p>0.05 compared to
control (media) at same incubation time.
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3.2 Effect of different matrices on OVCAR cells viability
OVCAR cell viability was used to study the cytotoxicity of agarose gel and CA with or without
adherence proteins (Collagen; 1 and 5%) and (fibronectin; 1 and 10μg/mL). OVCAR cells
,cultured on the CA-coated 96-well plate after 24h and 48h, attached to the surface of the gel
and keep their viability when examined in an MTT assay (90.2 ± 11.1%; Figure 3-9) and in
an MTS assay(89.3 ± 7.4%; Figure 3-10). Adding adherence proteins to CA did not have any
impact on cell attachment or viability. Microphotographs showed that OVCAR cells attached
and formed a monolayer of epithelial-like cells on CA surface with or without adherence
proteins(Figure 3-11).
In contrast, the percentage of cell viability after 24 and 48h on the agarose gel in the presence
or absence of adherence proteins was significantly lower than the positive control with same
culture duration(Figure 3-9 and 3-10). OVCAR cells accumulated in the centre of the agarose
surface, forming loose cell aggregates(Figure 3-11E). These aggregated cells did not attach to
the matrix even after coating the surface with adherence proteins (Figure 3-11F). The average
numbers of viable cells on different surfaces were obtained by image analysis of photographs,
MTT assay, and MTS assay. There was no significant differences in cell numbers after 24 and
48h culture on CA, CA+5% Collagen,CA+ 10 μg/mL Fibronectin and agarose (Table 3-1).
See appendix. 7 for data for some other substrates.
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Figure 3-9 Comparison of the effect of different matrices with or without adherence proteins on
OVCAR cells after 24 and 48h. Cell viability was assessed by MTT assay, in which cell number was
obtained by using MTT standard curve and the matrices interference was removed by subtracting OD
of matrices only. The experiment was replicated on three separate occasions (n=3). Mean ± standard
deviation are presented. Data was analysed using a one-way ANOVA with the Tukey-Kramer posthost test. The significant difference was assigned at p < 0.0001(***) compared to positive control at the
same incubation period.
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Figure 3-10 Comparison of the effect of different matrices with/without adherence proteins on OVCAR cells
after 24 and 48h. Cell viability was assessed by MTS assay, in which cell number was obtained by using
MTS standard curve the matrices interference was removed by subtracting OD of matrices only. The
experiment was replicated on three separate occasions (n=3). Mean ± standard deviation are presented. Data
was analysed using a one-way ANOVA with the Tukey-Kramer post-host test. The significant difference
was assigned at p < 0.0001(***) compared to positive control at the same incubation period.
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Figure 3-11 Morphology of OVCAR cells attached to surface of different matrices with/without
40
adherence proteins. OVCAR cells (20 ×103 ) were cultured on 96-well plate or matrix-coated 96-well
plate for 24 and 48 hrs at 37 °C and 5 % CO2 (A) without matrix as a positive control, (B) CA, (C)
CA+5% collagen, (D) CA+10μg/mL fibronectin, and (E) well containing agarose and unattached cells,
(F) well containing agarose after aspiration of unattached cells. Images were taken using a light
microscope. Represented is one of n=3 experiments at each time point. Scale bar =100 μm.

Table 3-1 numbers of viable cells determined by image analysis, MTT assay and MTS assay. After 24h
and 48h incubation period at 37 °C and 5 % CO2, an ImageJ software was used to count the number of
cells in 4 photos/well, then adjusted to indicate the total number of cells in the well. MTT and MTS
assay were applied after 24h and 48h separately. Mean ± standard deviation are shown. The experiment
was repeated on three separate occasions (n=3). Data was analysed using a one-way ANOVA with the
Tukey-Kramer post-host test. There was no significance difference between cell numbers obtained by
image analysis, MTT and MTS assay at 24 and 48h for each substrate type ( p > 0.05).
Substrates

Positive

Image

MTT

MTS

Image analysis MTT

MTS

analysis after assay

assay

after 48h

assay

assay

24h

After 24h

After 24h

After 48h

After 48h

17541 ± 2923

20923

control

1290
18980 ± 5306

CA

18551
2500

CA+

5% 17393 ± 4433

collagen
CA+

18373
2230

19046 ± 3956

10𝝁g/mL

19396

± 20620 ± 18100 ± 4332
1386
± 18158 ± 17230 ± 2414
2279

2139

6.43 ±

0±

5.841

5356

2399

563

18395

± 17120

17528
4095

± 17931 ± 18953 ± 4380
2160

± 19270

3504

± 17808 ± 19086 ± 4706

2032

19184

19467

±
±

1447
± 18400

±

1644
± 16628

3233

2617

234.4 ±

0 ± 2422

±

Fibronectin
Agarose

ND

ND

1372

3.3 Encapsulation of OVCAR cells in Carboxylated Agarose gel (CA)
OVCAR cells were encapsulated in CA with or without adherence proteins for 48h and
assessed by MTS assay. Figure. 11 shows that CA, CA+ 5% Collagen and CA+10μg/mL
Fibronectin did not maintain cell viability for 48h ; killing 23, 28 and 24% of the cells
respectively. Also, OVCAR cells had only one round morphology when they were capsulated
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in the above matrices after 24h and 48h (Fig. 3-13). On the other hand, mixing 5% Collagen
and 10μg/mL Fibronectin with CA supported OVCAR cells and maintained their viability ( up
to 83%) after 48h (Figure 3-12). Within this matrix, cells with three different morphologies
were distinguished (Figure 3-13); round , flattened , and irregular. Approximately half of the
cells had a rounded morphology while the irregular shaped cells were the least frequent type
(Table 3-2).

120

Cell Viability (%)

100

*

*
**

80
60
40
20
0
Positive control

CA

CA+5%Collagen

CA+10ug/mL
Fibronectin
Carboxylated agarose gel (CA) combined with adherence proteins

CA+5%Collagen and
10ug/mL Fibronectin

Figure 3-12 Viability of CA encapsulated OVCAR cell combined with adherence proteins. OVCAR
cells (25 ×103 ) were encapsulated in CA with/without adherence proteins for 48 h at 37 °C and 5 %
CO2. Cell viability was assessed by MTS assay, in which cell number was obtained by using MTS
standard curve. The experiment was repeated three time separately (n=3). Mean ± standard deviation
are shown. A one-way ANOVA with the Tukey-Kramer post-host test was used to analyse the data.
The significant difference was assigned at P ≤ 0.05 (*) P ≤ 0.01 (**) and p < 0.0001(***).

Table 3-2 Comparison between the percentage of different cells encapsulated in CA+ adherence
proteins based on morphology features. OVCAR cells (25 ×103 ) encapsulated in CA+5% collagen and
10𝛍g/mL Fibronectin for 48 hrs at 37 °C and 5 %. Percentage of different cell morphology was
calculated relatively to the total cells in one figure which were counted manually by using ImageJ. This
data was obtained from the same experiments that done in previous figures (n=3). The Mean ± standard
deviation are shown (6 figures/ experiment).
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Cell morphology

Cell number (%)

Round cells

49 ± 16 %

Flattened cells

39 ± 18 %

Uncertain-shape cells

12 ± 4 %
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24h
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Figure 3-13 OVCAR cell morphology after encapsulation in CA matrix with or without
adherence proteins. OVCAR cells (25 ×103 ) were encapsulated in (B) CA only, (C) CA+
5%collagen, (D) CA+10μg/mL fibronectin (E) CA+ 5% Collagen and 10μg/mL Fibronectin
and (A) positive control (cultured in 96-well plate) for 48h at 37 °C and 5 % CO2. Images
were taken using a light microscope at 24h and 48h. Represented is one of experiments (n=3)
at each time point. Scale bar =100 μm. Blue arrow= flattened cells, Black arrow= round cells.
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3.3.1

P4 production by encapsulated OVCAR cells in matrices

Even though CA, CA+ 5% Collagen and CA+10μg/mL Fibronectin did not support OVCAR
cell viability as well as CA+ 5% Collagen+10μg/mL Fibronectin (Figure 3-12), the ability of
OVCAR cells to produce P4 was not affected by 48h culture in the presence of any of the
matrices (Figure 3-14).

16

P4/10K OVCAR (pg/mL)
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6
4
2
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CA

CA+5%Collagen

CA + 10ug/mL
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CA + 5% Collagen
and 10ug/mL
Fibronectin

OVCAR cells encapsulated in Matrices

Figure 3-14 progesterone (P4) Produced by encapsulated OVCAR cells. OVCAR cells (25 ×103 ) were
encapsulated in CA with/without adherence proteins for 48h at 37 °C and 5 % Co2. Conditioned media
from three separate experiments (n=3) were then subjected to ELISA to measure Progesterone production
per 10,000 OVCAR cells. The Mean ± standard deviation are presented and one-way ANOVA with the
Tukey-Kramer post-host test was applied.

3.4 Encapsulation of Oviduct cells in matrices:
3.4.1

Disaggregation of Primary-Derived Oviduct Cells

Oviduct from six mice were disaggregated using 1% Collagenase type1and isthmus section
was excluded. The average size of the oviduct was 304 ± 28 µm (Fig. 3-15). The highest yield
was 7337 cells/10µm (Table 3-3).
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Table 3-3 Oviduct cells yield. Oviducts from 2 mice/ experiment; n=6 animals were disaggregated by
1% collagenase type 1. Trypan blue assay was utilised to obtain cell yield for each oviduct

Mouse weight (g)

Mouse age (wks)

Oviduct size (𝝁m)

Cell yield/10um

(excluding
isthmus)
24.49

17

318

24.23

16

294

17.6 (swollen)

7

315

17.5

6

312

17.68

7

337

18.67

8

249

7337
3828
6826

Figure 3-15 Dissected oviducts. Photo was taken directly after
dissecting oviduct from female mouse. Representative of three separate
experiments (n=3). Scale bar = 1.5 μm.

3.4.2

Encapsulation of Primary-Derived Oviduct Cells in CA ± Adherence Proteins

By encapsulating primary-derived oviduct cells in CA and CA+ adherence proteins for 48h, it
was found that the latter maintained the viability of primary-derived oviduct cells in
comparison with the positive control, but CA did not (Figure 3-16).
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Optical Dencity (OD) at 490 nm
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Figure 3-16 Cell viability of primary-derived oviduct cells encapsulated in different matrices. Primaryderived oviduct cells (10 ×103) were encapsulated in CA with/without adherence proteins for 48h at 37
°C and 5 % CO2 before applying an MTS assay. A one-way ANOVA with the Tukey-Kramer post-host
test was used to analyse the data. Mean ± SD are shown (n=3); p < 0.0001(***) compared with positive
control.

Figure. 16 shows the presence of different cell types in positive control( 96-well plate without
gel). Cells with two types of morphology were distinguished: ciliated cells (black arrows) and
round cells (blue arrows). Furthermore, cells with the same morphologies were found inside CA in
presence or absence of adherence proteins. Interestingly, cilia beating was noticed in the positive
control as well as in CA+ adherence proteins matrix up to 48h but not found in CA only.
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Figure 3-17 Morphological features of primary-derived oviduct cells encapsulated in CA matrix with or without
adherence proteins. OVCAR cells (25 ×103 ) were encapsulated in (A) positive control (no matrix well) , (B)
CA only and (C) CA+ 5% Collagen and 10μg/mL Fibronectin for 48 hrs at 37 °C and 5 % CO2. Images were
taken using a light microscope at 3 and 48h. Represented is one of the experiments (n=3). Scale bar is written
on the figures. Black arrow= ciliated cells, Blue arrow= round cells.
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4 Discussion
Although the recent development of 3D-bioprinting has attracted attention, it needs a great deal
of preparation, optimisation, and identification of suitable biomaterial that is compatible with
mammalian cells. In this project, candidate biomaterials (agarose and carboxylated agarose
gel) were tested for their ability to support primary-derived oviduct cells. Furthermore, the role
of adherence proteins in improving the matrix properties was evaluated.
OVCAR cells did not attach on agarose gel surface, and adherence proteins made no difference
with agarose gel. On other hand, CA supported OVCAR cells attachment. Also, the highest
viability of encapsulated OVCAR cells was noticed in CA mixed with adherence proteins.
Furthermore, CA mixed with adherence proteins maintained viability of encapsulated primaryderived oviduct cells for 48h, and some characteristics such as cilia beating also maintained.

4.1 Interference of Different Matrices with Different Assays
To determine the suitability of different matrices for 3D cell culture, the viability and
functionality of the cells needs to be evaluated. Current methods for measuring cell viability;
the MTT, MTS assays, have been designed for use with monolayer cell cultures and have not
been optimised for 3D culture(Antoni et al., 2015). In this study, the interference of candidate
gels in these assays was evaluated by the addition of gel solutions at various steps in each assay
procedure. Inclusion of gels caused statistically significant differences in some steps of the
MTT and MTS assays. In normal control medium without cells, there was a production of
formazan crystals. It has been reported that common components such as L-glutamine in RPMI
medium contribute to the amount of formazan produced (Huang et al., 2004). Another factor
is pH because MTT forms formazan spontaneously when the pH > 5.5 (Hansen et al., 1989).
Chakrabarti et al. (Chakrabarti et al., 2001) stated that some serum components such as
albumin influenced the tetrazolium assays by causing production of formazan products (Young
et al., 2005) (Chakrabarti et al., 2001).
Agarose gel without cells (but not CA) significantly increased this non-specific background
production of formazan in the MTT assay (Fig. 3-2). That could be because of the difference
in the cross-linked networks between agarose and CA (Forget et al., 2017). This may cause
light scattering; resulting in higher non-specific background value associated with the possible
destruction of the gel network. Neither of the matrices, in presence of cells, affected dissolution
of cells and formazan crystals with acidified SDS, and neither of them affected
spectrophotometer reading of the homogenous solution in MTT assay (Fig. 3-3 and 3-4).
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The effect of matrices on the MTS assay was similar to the MTT assay, although the MTS
assay more sensitive to interference than the MTT assay. In the MTS assay, both agarose and
CA increased production of formazan in the absence of the cells (Fig. 3-5) and that probably
due to the same reasons that mentioned above. Neither matrices affected acidified SDS
dissolution of formazan crystals, and unlike the MTT assay, both matrices increased OD values
(Fig. 3-6 and 3-7). The MTS assay reading was obtained at 490 nm with non-reference in these
experiments which means no background correction was applied. The goal of background
correction is to remove the likelihood of any interference, and that did not happen here because
the reading was taken without background correction (Wang et al., 2010).
Putting all together, these results necessitated that in further cell viability experiments (MTT
and MTS assay), interference was measured by the use of a negative control (gel only or media
only) at the specified absorbance for each assay, and subsequently subtracted from the
treatment values obtained. This allows direct comparison with the positive control (cells),
without spectrophotometric interference from the gel or media itself.

4.2 Effect of different matrices on OVCAR cells viability:
Cell viability assays were initially performed to characterise the survival of OVCAR cells
cultured on the surface of agarose and modified agarose gels with or without adherence
proteins. Despite the use of adherence proteins, the OVCAR cells were not able to attach to the
agarose cell surface. Instead, the cells aggregated above the gel and were lost following
aspiration of the media. The MTT and MTS assays indicated the presence of a very low number
of cells, however microscopy indicated that the viable cells were not attached to the agarose
gel. Structurally, agarose contains a hydroxyl group and does not possess any ionised groups.
As a consequence, the adherence proteins were not able to bind to the surface of the agarose
molecules (Forget et al., 2017). It is possible that proteins generated by the OVCAR cells were
also unable to bind to agarose because of the lack of adhesion domains. This incompatibility
between cells and agarose has been noted for human umbilical vein endothelial cells
(HUVECs), which attached weakly to agarose gels and were lost in the washing step performed
prior to a Live/Dead assay (Benning et al., 2018). Weak attachment of the cells to this gel, as
indicated by the rounded phenotype of endothelial cells (ECs), is caused by the absence of
arginine-glycine-aspartate (RGD)-binding integrins in the agarose that are required for focal
adhesion contacts. Furthermore, 3T3 fibroblasts cultured on glass substrates coated with
agarose had abnormal morphology and formed aggregates of dead cells (Yixue et al., 2013).
However, Au et al. showed that a combination of agarose and collagen allowed the covalent
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attachment of both canine hepatocytes and human neoplastic hepatocellular carcinoma
(HepG2) cells to a surface (Au et al., 2012). Although the use of adherence proteins to facilitate
cell attachment in the presence of agarose has been reported (Aizawa et al., 2008), (Au et al.,
2012) and (Connelly et al., 2011), in the current study the addition of collagen and fibronectin
to agarose did not improve cell attachment to agarose. The procedure that followed in this study
was pouring a collagen or fibronectin solution over the gel surface and washing the excess after
18h incubation. This procedure may result in detachment of collagen or fibronectin during the
washing step. Thus, OVCAR cells did not attach to coated-agarose gel.
Since agarose gels were not able to support cell growth even in the presence of adherence
proteins, a carboxylated agarose (CA) was evaluated as an alternative matrix in the viability
assays. OVCAR cells were able to successfully attach to CA gels, in both the presence and
absence of adherence proteins. This can be explained by the negatively charged ions of the
carboxyl acid group in the CA, which interacts electrostatically with positively charged
proteins (Yixue et al., 2013). These proteins can be either adherence proteins added to the
surface, or the proteins in the extracellular matrix produced by the cells themselves.
Carboxylation of agarose has been previously reported as an effective matrix for cell adhesion,
with a well-ordered monolayer arrangement

of 3T3 fibroblast cells observed on glass

substrates coated with a synthesised CA (Yixue et al., 2013). Therefore, the addition of a
functional carboxyl group to agarose is a way of successfully utilising agarose gels as a
biomaterial. Furthermore, OVCAR cell numbers on surface of CA gel were as expected to be,
seeding » 18×103 ± 2×103 and after 48h around same numbers were obtained. OVCAR cells
has 69h doubling time so it was not expected for the cell number to increase after 48h (ATTC,
2016).

4.3 Encapsulation of OVCAR cells in CA with or without adherence
proteins.
CA with and without adherence proteins was used for the encapsulation of OVCAR cells, to
determine the behaviour of cells within a 3D culture. OVCAR cells were viable (83%) when
they were encapsulated in CA with collagen and fibronectin together, compared to the positive
control (cells cultured on treated plastic without matrix or proteins). Additionally, flattened
cells were observed with this matrix, indicating that the cells were attached to the 3D gel,
whereas cells in CA, CA+collagen and CA+fibronectin possessed round morphology,
signifying that they did not successfully attach within the fibres of the gel. Differences between
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the CA+collagen+fibronection and the other three groups are likely to be the result of collagen
binding cells to the matrix, and fibronectin connecting collagen with the cells. In native tissue,
fibronectin connects collagen fibres to cell surface via integrins that found in cell surface,
which all together make the ECM (Mao and Schwarzbauer, 2005).Therefore, the addition of
both fibronectin and collagen in the CA gel serves to enhance cell attachment and viability.
CA, CA+collagen and CA+fibronectin groups demonstrated significantly (p<0.05) lower cell
viability than in the positive control. The positive control contained cells in media only, which
would facilitate the transportation of nutrients and the diffusion of oxygen to the cells. OVCAR
cells encapsulated in the gel and proteins are were dependent upon slower diffusion of nutrients
and oxygen from the matrix surface. Encapsulated OVCAR cells were assessed for
progesterone production using an ELISA. The results of this assay indicated that there was no
difference in the ability of the cells to produce this hormone within a 3D culture, using various
CA and adherence protein matrices. From the encapsulation of OVCAR cells in combination
of CA and adherence protein matrices, the findings indicate the use of CA mixed with
fibronectin and collagen to be the most effective for 3D culture, and led to assessment of this
matrix for use with primary-derived oviduct cells.

4.4 Encapsulation of primary-derived oviduct cells in matrices:
The primary-derived oviduct cells were first isolated from murine oviducts by enzymatic
disaggregation. The cell morphology was monitored following 2D culture at 3, 6, 24 and 48 h
using light microscopy, and there was no difference in cell morphology at any timepoints.
Features such as ciliation, size and shape were noted, but it was not possible to distinguish
further between cell types using light microscopy. A mixed population of cells was observed
in the culture of disaggregated cells. Descriptions of cell morphology in the literature enabled
basic identification of cell categories. Komatsu and Fujita (1978) identified the presence of
both ciliated and secretory cells in the oviduct of at least 23 day old mice. In the present study,
the age of mice ranged from 42 – 140 days, indicating that the differentiation of epithelial cells
had been completed (Komatsu and Fujita, 1978) (Stewart and Behringer, 2012). Cilliated
epithelial cells are characterised by the presence of beating cilia, which could be seen in the
dissagregated primary-derived oviduct cells (Djahanbakhch et al., 1999). Cells without cillia
were also found, but their classification is not straightforward as there are at least 3 types of
rounded non-cillated oviduct cells reported; secretory cells, basal cells and intercalated (peg)
cells are all depicted as small and round non-cillated cells of the oviduct (Ezzati et al., 2014)
(Crow et al., 1994).
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The mixed population of disaggregated primary-derived oviduct cells were encapsulated in
both CA and CA+adherence proteins, to produce a tissue culture model partially representative
of the native tissue. The addition of adherence proteins to the gel enhanced oviduct cell viability
when cultured in the 3D form for the same reasons mentioned above about role of fibronectin
and collagen in native tissue. Morphologically, the cell characteristics were maintained in the
3D culture, as the beating of cilia was observed in the CA+adherence protein group up to 48 h.
Although beating cilia were not found in the CA, the ability of this matrix to support cilia
beating should not be excluded. This is because of a limitation associated with the microscopy
method, as not every plane of the gel can be viewed and therefore the ciliated cells beating may
not be observed. The morphology of the 3D cultured cells was not examined after 48 h, because
the viability assay was performed at this time point. Therefore, beating cilia could potentially
be identified in the matrix after this designated period.

4.5 Conclusion:
To our knowledge, this is the first time that a mixed population of primary-derived oviduct
cells have been cultured in 3D form. In this study, we found that encapsulation of primaryoviduct cells in carboxylated agarose mixed with adherence proteins maintained the viability
and morphological characteristics of cells, such as cilia beating, relative to the nonencapsulated primary-oviduct cells.

4.6 Future work:
The biomaterial (CA and adherence protein matrix) that has been developed as a scaffold for
3D culture of oviduct cells in this project provides a basis for future development in the Bill
and the Melinda Gates project. This wider project aims to 3D bio-print a complete and
functional oviduct. For future work, it is key to confirm the identity of cells in the mixed
population disaggregated from murine oviduct using immunohistochemistry. Knowledge of
the secretions of cells in the matrix is also required to improve the functionality of the final 3D
printed model.
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Appendix
Appendix.1
Chemicals, reagents, tools, and instruments details
Materials

Supplier

Lot#

Cat#

NaCl

Merck

S3014

KCl

Sigma-Aldrich

A383-500g

Na2HPO4

Sigma-Aldrich

KH2PO4

Sigma-Aldrich

Trypsin- EDTA

Sigma-Aldrich

SLBV0764

T4174

RMPI-1640 media

Sigma-Aldrich

RNBG4128

R8758

penicillin-

Sigma-Aldrich

106M4809V

P4333

SLBS7045

I3146

60258A

Code FFBS-500

5921
P0662-500g

streptomycin solution
Liquid

media Sigma-Aldrich

supplement (ITS)
Foetal bovine serum Scientifix Life
(FBS)
.22 μm filter

Minisart®

Thiazolyl

blue Sigma-Aldrich

M5665-1G

acid BDH Chemicals

10125

tetrazolium(MTT)
Hydrochloric
(HCl)
Sodium

dodecyl Sigma-Aldrich

L4509

Sulphate (SDS)
Trypan blue

Sigma-Aldrich

T0776

Agarose powder

Bio-Rad Labratoreies,

161-3101

Inc
collagen (type I and PureBulk

2017080404

III) bovine
Fibronectin

bovine Sigma-Aldrich

F4759

plasma
T75 flask

Thermos scientific

154118

Incubator

Thermos scientific

Model # 371

Centrifuge

Eppendorf

Centrifuge 5804

96-well plate

Costar

24215009
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Spectrophotometer

BioTek

Quant

Microplate
Microscope

Nikon

MiliQ Water

Millipore

MTS

EclipseTs2R

powder promega

Code 104174
Part # G111B

(tetrazolium reagents)
Phenazine ethosulfate Sigma-Aldrich

P4544

(PES)
Collagenase

from Sigma-Aldrich

SLBB0923V

C0374-100mg

RNBG0393

M4526-500ML

RNBG2219

D8437-500ML

126M4750V

A5955-100ML

RNBF8553

G7513-100ML

Clostridium
histolyticum
Minimum

Essential Sigma-Aldrich

Medium Eagle
Dulbecco’s Modified Sigma-Aldrich
Eagle’s Medium
Antibiotic antimycotic Sigma-Aldrich
solution
L-Glutamine solution
Epidermal
factor

(EGF)

Sigma-Aldrich

growth Sigma-Aldrich

SRP3196

from

mouse

Appendix. 2
Sperm capacitation:
The ability of mammalian sperm to fertilise an oocyte, known as ‘fertilisation capacity’ has to
be acquired through time spent in the female reproductive tract. During process of
‘capacitation’, sperm undergo changes that allow it to achieve the acrosome reaction and
penetrate the oocyte (De Jonge, 2005, Suarez, 2016). an acrosome is a cap-like structure full
of enzymes that covers the sperm head. In term of making penetrating the egg hard shell easier,
sperm use the enzymes that are inside the acrosome to fuse with the egg (Okabe, 2018).The
capacitation process and the acrosome reaction are proposed to be separate and distinct
processes, with the acrosome reaction marking the completion of capacitation (De Jonge, 2005)

Appendix. 3
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Role of oviduct in sperm capacitation
The oviductal conditions are crucial for ensuring prolonged sperm survival, until the optimal
time of fertilisation. The oviduct also comprises one part of a larger strategy that aims to select
the fittest sperm for fertilisation. Particularly, sperm are required to overcome many stages of
passage through the reproductive tract and interactions with the oviduct environment in order
to reach and fertilise the oocyte. Sperm interact with the oviduct in either physical or molecular
ways. Physical interactions refer to movement of sperm in response to the cellular architecture
of the oviduct walls and the flow of fluid, which has been measured in a mouse oviduct at 18
±1.6 μm/s. Molecular interactions are typified by communications between molecules on the
sperm surface and oviductal receptors lining the epithelium. Specifically, the oviductal surface
possesses carbohydrate molecules, specifically a glycosylated receptor at sperm binding sites
that are of importance to interactions with sperm. The structure and characteristics of the
epithelial receptor carbohydrates vary between species. The molecular interactions between
oviductal epithelium and sperm facilitate the attachment of sperm to the epithelium (Suarez,
2016).

Figure 4-1 Scanning electron micrograph of sperm bound to cilia on the epithelium of
the oviductal isthmus.(bar = 10 μm; (Lefebvre et al., 1997))

For capacitation and fertilisation to occur, sperm are required to attach and detach from the
oviduct epithelium(Fig. 1-5). Despite previous reports of a singular attachment and detachment
process, Chang and Suarez (Chang and Suarez, 2012b) have determined that an individual
sperm can instead attach and detach several times during its’ passage through the oviduct
(Suarez, 2016). Sperm attachment to the oviduct epithelium has been used to explain the role
of the oviduct in facilitating the development of a sperm reservoir (De Jonge, 2005).
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Maintaining a sperm reservoir in the lower portion of the oviduct as serves as a strategy to
prevent poly-spermic fertilisation, as fewer sperm will reach the oocyte at the same time
(Suarez, 2016)(Fig. 1-6). It had been initially proposed that the sperm reservoir only occurred
in the isthmus region of the oviduct, although sperm binding receptors were identified in the
ampulla also. Recent research has confirmed that the presence of binding receptors in the
ampulla also promotes sperm binding in the upper region of the oviduct. In this study, mutant
Acr-EGFP male mice that produce sperm with a fluorescent acrosome were mated with periovulatory wild type mice. The oviducts were examined 3 hours later to evaluate the
fluorescence and determine the movement and location of the sperm. Of the few sperm found
in the ampulla, most were bound to the epithelium and attached for a few minutes, which
suggests that sperm continue to bind to the oviductal epithelium as they move up the tract.
Comparisons between free-swimming sperm and attached sperm, in regards to morphology
and DNA fragmentation, have identified the attached sperm as of superior quality(Chang and
Suarez, 2012a). Despite the ability of sperm to bind to oviductal explants in vitro, Williams et
al., (Chang and Suarez, 2012b) failed to demonstrate that sperm were bound to the epithelium
of surgically excised oviducts post-insemination (De Jonge, 2005).

Figure 4-2 Schematic view of the oviduct and sperm journey inside it.

Sperm detachment from the oviduct epithelium occurs through either modifications of cell
surface proteins, or hyperactivation of motility. The role of each of these mechanisms in cell
detachment is likely to be species specific. A change in the proteins on the sperm surface may
reduce binding affinity for epithelial receptors. This has been demonstrated using the
capacitated sperm of hamsters, where the fetuin ligand was no longer detected in the acrosomal
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region of the sperm, preventing sperm binding again to the oviduct epithelium receptor sialic
acid after capacitation. Hyperactivation of motility causes an increase in force that allows the
sperm to pull away from the oviduct epithelium (Suarez, 2016). In particular, the sperm use a
rocking motion to tear themselves away from the cilia (Coy et al., 2012). The oviduct
environment may contribute to the detachment of sperm through triggering hyperactivation,
caused by factors secreted from the epithelium, hormonal signals that induce ovulation or
signals from preovulatory follicle. Sperm that are bound to oviduct membrane vesicles have
also demonstrated lower levels of cytoplasmic Ca2+, compared with free swimming sperm.
Sperm break free from oviductal epithelium, through alteration of receptors on the epithelium,
or loss or alteration of ligands on the sperm. The Ca2+ present in the sperm cytoplasm is
associated with the sperm capacitation process. Catalase that is present in the oviduct protects
sperm against peroxidative damage, which has been proposed as a way of increasing sperm
permeability to Ca2+ for completion of capacitation (Suarez, 2016).

The stimulation of capacitation in an in vitro co-culture of sperm and oviductal cells has not
been consistently demonstrated. The use of hyperactivation as the marker for capacitation has
been used by Kervancioglu et al. (2000) to indicate the importance of oviducal cells to the
capacitation process. Conversely, the use of the acrosome reaction as a marker for the endpoint of capacitation has yielded varied results, with both stimulation and stabilisation of the
acrosome reaction demonstrated when sperm are co-cultured with oviductal cells (De Jonge,
2005). It is generally accepted that incubation of sperm with oviduct epithelium prolongs sperm
viability when compared with incubation in sperm media alone. Additionally, Pollard and
colleagues (Pollard et al., 1991) have demonstrated that even incubation in similarly ciliated
tracheal epithelium results in decreased sperm viability, compared with oviduct epithelial cells.
These findings infer that there are other factors present in oviduct epithelium that are more
crucial to sperm survival. It should be noted that sperm viability can be extended by incubation
in vesicles derived from apical membranes of oviductal epithelium, indicating that it is the
binding between sperm and oviductal epithelial cells that is important to improved viability,
rather than just the cell secretions (Suarez, 2016)(Fig. 1-7).
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The amount of sperm entering the oviduct can number hundreds of millions, however for
successful fertilisation only one sperm and one oocyte are required. At each stage of the
sperm’s passage through the reproductive tract, there will be some loss of sperm numbers. For
successful transport, sperm need to be vigorously motile, with normal morphology and a
functioning plasma membrane. Sperm loss can be attributable to a premature and degenerative
acrosome reaction, or leukocyte-produced reactive oxygen molecules that cause deleterious
effects to sperm, rendering them inviable. Sperm demonstrate a preferential attraction to the
ampullary region of the ovulatory side of the oviduct, where the ovulatory follicle is located.
This difference in sperm quantity between the contralateral sides of the oviduct has not been
noted for the isthmic regions (De Jonge, 2005). Those sperm that eventually enter the ovulatory
oviduct and attach to the oviduct epithelium may be only a few hundred in number, although
not all of these sperm will be able to detach successfully. The cumulus complex and zona
surrounding the oocyte serve as a final barrier for sperm, through which 10-20 sperm may
reach the zona surface, with penetration of the oocyte occurring from a single sperm (De Jonge,
2005).

Appendix. 4
Passive in Vitro Cell Adhesion
Passive in-vitro cell adhesion process is takes place in a static medium culture. For example,
culture flasks, petri dishes etc. In the process of static in-vitro matrix attachment and spreading,
cells encounter morphologic modifications driven by passive changes and dynamic redesign of
the cytoskeleton. The cell adhesion and spreading is maintained by Integrin receptors and
heterodimeric transmembrane proteins. The integrin binding initiates mechanical linkage
between the intracellular actin cytoskeleton and extracellular cell matrix. It also provides
pathways for bidirectional transmembrane signalling (Geiger et al., 2001). Integrins allow
soluble ligands and insoluble extracellular cell matrix multi-proteins. The interaction between
soluble ligands and extracellular matrix proteins develop cytoskeleton. The linkage of integrins
with their ECM proteins actuates the Rho GTPase family that includes Rho, Rac, and
Cdc42.The Rho family of small signalling G protein which is actively involved in spreading
and migration of cells.

Rho regulates the mechanical stresses and cluster of focal

adhesions(Khalili and Ahmad, 2015).
The procedure of static in-vitro cell adhesions is portrayed by three phases. The first stage is
the attachment of the cell body to its substrate. Next stage is the spreading of cell body. The
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final stage includes the organisation of the actin skeletal framework with development of focal
adhesion in the cells. After the process of cell spreading, actin organises itself into
microfilaments clusters. When the cell bonds with another cell or substrate, the strength of
adherence increases gradually. The initial adhesion between the cells and the substrate are
regulated by the particular integrin-interceded attachment and begins with the linkage of single
receptor-ligand sets (Hong et al., 2006). This process activates the consequent receptor-ligand
bonds and rapidly upgrade in number, subsequently expanding the aggregate adhesion strength
(Taubenberger et al., 2007).
The adhesion mechanisms and properties between cells or their substrates could be determined
by studying the different cell-substrate interaction durations. After the initial stage of adhesion,
cells continue spreading on the substrate; and consequently decreases the cell height and
increases the contact area (Phase I) (Huang et al., 2003). Following that, the cell spreads past
the anticipated area of the un-spread round cell (Phase II) (Hong et al., 2006). The spreading
procedure is the blend of proceeding with attachment with the redesign and circulation of the
actin skeleton around the cell's body edge (Huang et al., 2003). Finally, cells will achieve their
greatest spread area through development and adhesive characteristics become greater (Phase
III) (Khalili and Ahmad, 2015)(Fig. 1-8).

Figure 4-3 Passive in vitro cell adhesion stages (Khalili and Ahmad, 2015).

Appendix. 5
Comparison between 2D and 3D Cultures
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In vitro 2D cell culture systems do not provide an adequate platform for studying native cell
behaviour due to inability to represent in vivo cell responses. However, behaviour of cells in
vivo can be studied using three dimensional (3D) cell culture. The properties and capabilities
of 3D cell culture have resulted in this method becoming increasingly popular over the past
two decades. While high-throughput in vitro 2D cell culture has been widely applied to study
novel therapeutic agents, the advantage of in vitro 3D cell culture is closer simulation of the in
vivo environment(Edmondson et al., 2014) (Lv et al., 2017).. Previous studies have shown that
2D and 3D cell cultures are very different environments that influence bio-chemical and
mechanical cell growth differently. A major difference is that 2D cell cultures interact with
substrate on the basal surface only, whereas in 3D cell culture proteins are globally expressed
across cell surfaces. Therefore, 2D and 3D cell cultures display very different cell growth in
terms of morphology, migration and gene expression(Lv et al., 2017).
A major mechanical difference between 2D and 3D is that 2D cell culture is influenced by
substrate rigidity, which is static as substrate consists of plastic or glass. However, in 3D cell
culture the substrate is a gel and rigidity of the gel can be experimentally manipulated to
achieve a biologically relevant composition. Resultant cell morphology of 2D and 3D cell
cultures differ significantly(Lv et al., 2017). Importantly, 2D cell cultures produce cells that
are polarised and flattened across the substrate, while 3D cell cultures produce cells that are
spherical or highly branched, as would appear in native tissue. The impact of this difference in
cellular shape is that 3D cell cultures promote cell-cell interactions that determine cell
behaviour, as occur in vivo, but 2D cell cultures restrict cellular cross-talk and cannot replicate
in vivo cell behaviour(Haycock, 2011).
The minimal effort and rapid of testing have influenced 2D cell culture to be a key part of
medicinal programs. Monolayer 2D cell cultures are usually associated with flat plastic dishes.
The cells are paced on the coated surfaces which let them expand. The response of the cells in
2D culture can be studied in a stable in vitro environment (Birla, 2014). One of the main
advantages of monolayer cell culture is that the ability to investigate the cause and effect
relationships of regulated stimuli without interference of confounding systematic variations in
vivo systems (Birla, 2014). However, the limitations of 2D cell culture have turned out to be
progressively perceived. Due to the profoundly unnatural geometric and mechanical limitations
forced on cells, 2D cell cultures does not provide a true representation of native tissue. That is
constantly restricted to single cell composes and does not consider the effect of multiple cell
populations and the surrounding environment (Edmondson et al., 2014). One of the main
concerns with 2D is that they represents pseudo-environment since the flat surface is not
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suitable for studying the growth of cells. In the human body these cells are on enclosed surface
surrounded by many other cells. With some problems, it can be hard to extrapolate information
from 2D in vitro investigations and utilize that information to foresee how cells may act in their
native tissue settings. Therefore, most current medication testing techniques utilizing 2D cell
culture keep on giving unsatisfactorily deceptive and non-prescient information for in vivo
reactions (Edmondson et al., 2014). Even though the importance 2D cell culture techniques
cannot be overstated and they continue to be one of the main tools in many investigation areas,
improving these techniques is an essential requirement to overcome their limitations.
3D cell cultures is a response to the flaws revealed in the 2D culture. It is a better modelling
system that represents in vivo physiological conditions intently.

Appendix. 6
Properties of biomaterial
Rigidity. Matrix stiffness or rigidity plays an important role in many cell behaviour such as
gene expression , cytoskeletal architecture (Ruedinger et al., 2014). Rigidity of matrix is
determined based on the cells type that are embedded in this matrix. For example, to design a
biomaterial for peripheral nerve, it should be soft enough to mimic a soft uniaxially aligned
lipoprotein myelin sheath that surrounded axons in vivo. In contrast, osteoblasts need more
rigid surface that mimic bone surface. This factor could be controlled by increase the matrix
concentration or mix two different types of matrices to achieve the desired stiffness.
Consequently, providing appropriate surface in term of rigidity is preferred for the cells so it
will enhance cell attachment beside to other factors (Haycock, 2011)
Porosity. Scaffold porosity is one of the fundamental characteristics to build a suitable
biomaterial. Porosity provides available space for cells to migrate and proliferate and it also
allows to transport nutrients effectively when cells into the scaffold. The optimum porosity is
directly related to the tissue and cells type. For example, fibroblast and endothelial cells were
investigated in term of growing in different pore sizes of scaffold. It was demonstrated that
fibroblasts spread over the closest cells able to fill large pores by using a bridging mechanism,
while endothelial cells cannot build bridging system so they prefer a smaller pore size
(Haycock, 2011). Domingos et al. demonstrated the same previous results when the effects of
pore size on hMSC was investigated. Interestingly, they added that pore topology did not affect
the cell morphology (Domingos et al., 2013).
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Surface chemistry. The surface chemical characteristics of a biomaterial are essential for
dictating the cell adhesion and spreading. Charge and polarity usually control the surface
chemistry, which then control the diffusion and adsorption of adherence proteins at the surface.
There is a relationship between the surface charge and the amount of adsorbed proteins. By
then, the tendency of cells to adhere to a biomaterial increase since the cell adhere to an
adsorbed protein layer, rather than the biomaterial surface (Haycock, 2011). Biomaterials’
surfaces are predominantly modified to promote cell adhesion by chemical modification and
surface coatings. Chemical modifications are achieved by addition of several functional groups
or change the chemical nature of the material which then result in promote cell adhesion,
proliferation, and function. Surface coating of scaffolds could be done by using adhesion
proteins leading to better cell-biomaterial interactions (Jammalamadaka and Tappa, 2018).
Attachment of Schwann cell to aligned PLA microfibres, as a biomaterial, was enhanced by
coating the surface with a plasma acrylic acid layer cell attachment and proliferation increase
as the negative surface charge increases. On the contrary, the deposition of allyl amine prevents
Schwann cell attachment. Even though both layers give surface charges, adhesion proteins
react differently with them result in changing the conformation of the protein. This change
determines if the adsorbed protein introduces adhesive ligands on the surface side allowing
binding to receptors in cell membrane such as integrins (Murray-Dunning et al., 2011). Also,
using RGD has shown significantly improvement in cell adhesion and functionality within
matrix. Biomaterials can be functionalized by chemically linking the RGD sequence to the
surface. This provides a binding site for cells by linking RGD sequence to the α5β1 integrin.
Linking (Birla, 2014). There are many different ways to alter the chemical surface of the
biomaterial, however, there is no universal technique to use for all type of biomaterial. (Santos
et al., 2017)
Printability. An important feature of a suitable biomaterial is that it can be accurately and
precisely printed and maintains the desired shape. Also, the candidate biomaterial should have
the ability to protect cell viability during the printing process. For example, some types of
printers involve heating the biomaterial to deposit cells. In this case, using low thermal
conductivity material can be preferred to increase cell viability and function after printing
(Murphy and Atala, 2014a).
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Appendix. 7
Numbers of viable cells determined by image analysis (n=1), MTT assay and MTS assay. After 24h
and 48h incubation period at 37 °C and 5 % CO2, an ImageJ software was used to count the number of
cells in 4 photos/well, then adjusted to indicate the total number of cells in the well. MTT and MTS
assay were applied after 24h and 48h separately. Mean ± standard deviation are shown . The experiment
was repeated on three separate occasions (n=3). Data was analysed using a one-way ANOVA with the
Tukey-Kramer post-host test. There was no significance difference between cell numbers obtained by
image analysis, MTT and MTS assay at 24 and 48h for each substrate type ( p > 0.05).
Substrates

CA+

Image

MTT

MTS

Image analysis MTT

MTS

analysis after assay

assay

after 48h

assay

assay

24h

After 24h

After 48h

After 48h

1% 18521 ± 1943

collagen
CA+

After 24h
20722
1570

17920 ± 4307

1𝝁g/mL

18650

± 19610 ± 17100 ± 3132
1246

1899

± 19178 ± 16230 ± 4414

2419

1679

Agarose + ND

8.83 ±

0

1%

5.54

19281

± 18270
2503

19390

± 20040

1045

447

0±

0

Fibronectin
ND

493

collagen
Agarose + ND

8.2 ±

5%

6.3

0

ND

0

0±
3256

collagen
Agarose + ND

2.4 ±

10𝝁g/mL

2

0

ND

0

0

0

ND

0

0±

Fibronectin
Agarose + ND

6.02±

1𝝁g/mL

3

2956

Fibronectin

64

±
±
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