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Abstract

Abstract

Tissue engineering has been highlighted as a potential regenerative medicine therapy for the
regeneration of musculoskeletal tissues, many of which have poor healing capacity. Currently
there is no ‘gold standard’ approach to tissue engineering with many researchers
investigating the effects of different stimuli on different cells in different culture
environments. One of these stimuli is mechanical stimulation, a variety of which naturally
occur in the body. Mechanical stimulation is often used in tissue engineering to recapitulate
the structure, extracellular matrix composition (ECM) and biomechanics of tissues such as
tendon, bone and cartilage. The extracellular matrix of these tissues is primarily composed
of one fibril forming collagen, for tendon and bone this is collagen type | whilst for cartilage
it is collagen Il. However an array of additional collagen isoforms play important roles in ECM

architecture and maturation.

The aim of this thesis was to investigate if collagen synthesis can be used to assess human
mesenchymal stem cells (hMSCs) differentiation in response to different mechanical
stimulation. Typically tissue engineering studies use the most populous ECM components to
highlight the success of the engineered tissues, whilst this makes sense it neglects the minor
ECM components. For musculoskeletal tissues fibril forming collagens are routinely the
dominant component of the ECM, however without the minor collagens these structure
would not function appropriately. The composition of collagens varies across all
musculoskeletal tissues, therefore by investigating the complete collagen composition the
differentiation of the cells can be identified and the quality of the tissue being engineered
can be established. Tensile stimulation, hydrostatic pressure and microgravity were applied
to hMSCs seeded within fibrin hydrogels, chosen as it acts as a blank slate material for
collagen investigation. These mechanical stimuli were selected as they have all routinely
been used to show enhanced or inhibited MSC differentiation, offering a well-established set
of mechanical stimulations to investigate their role in the differentiation of hMSCs and how
the subsequent collagen production can be used to identify it. Molecular (qPCR and western
blot), imaging (histology, TEM and fluorescence) and structural (mechanical testing and uCT)
analytical techniques have been used to assess what collagens have been produced and how

this relates to the structural development of the engineered tissue.

The cell embedded hydrogels had varying responses to the different percentages of cyclic

tensile stimulation (0%, 3%, 5% and 10%). These specific strains were selected to assess how



Abstract

hMSCs would respond to the static culture (0%), low physiological dynamic strain (1-4%),
high physiological dynamic strain (5-6%) and degenerative dynamic strain (>6%). The 0% and
10% strain groups indicated some osteogenic differentiation through Alizarin red staining
and ALP analysis from the culture media. Suggesting that physiologically relevant dynamic
strain inhibited osteogenic differentiation. 3% cyclic strain saw a two-fold increase in
maximum stress and a slight decrease in fibril diameter compared to the control. The 5%
strain group saw increases in tendon collagens COL3A1 and COL11A1 as well as tenogenic
markers SCXA and TNMD though expression of the negative tendon marker COL2A1 was also
increased. At the protein level collagen Il was downregulated whilst collagen Il was
upregulated compared to the control. The fibril diameter and fibre alighment was found to
be highest in the 10% strain group, typically a marker of increased mechanical properties,
however with 10% strain only the rate of stress relaxation was increased compared to other

groups with a decrease in maximum stress compared to the 3% strain group.

The microtissues used for hydrostatic pressure were cultured in one of three culture medias,
basic, chondrogenic or osteogenic and with one of four hydrostatic pressure condition,
control, 100 kPa, 200 kPa or 300 kPa. The effects of hydrostatic pressure was largely
overridden by the differentiation media supplements with the basic media group showing
the biggest changes in response to different levels of hydrostatic pressure. The chondrogenic
media group displayed the highest level of COL1A1, COL2A1 and COL10A1 suggesting that
the hMSCs within this media group were undergoing hypertrophy. At the protein level no
microtissues saw significance within a media group suggesting that hydrostatic pressure was
not influencing the collagen synthesis of the hMSCs as much as the media types. The uCT
analysis showed within the media groups the density of the mineralised particles was largely
unchanged for the basic media, chondrogenic media and control and 100 kPa osteogenic
media samples with the osteogenic 200 and 300 kPa being near two fold greater than all
other conditions, suggesting that with appropriate media the higher loading regimens

generated a more developed mineralised structure than the lower hydrostatic pressure.

It appeared that the microgravity microtissues were all pre-disposed to spontaneously
differentiate towards the osteogenic lineage as seen through the collagen gene expression.
Further ALP concentration in the media increased in all culture condition across the three
week culture period. PCA analysis showed evidence that the static culture was acting
separately from the dynamic and microgravity culture suggesting that the increased nutrient

diffusion within the RCCS 4H bioreactor was having a significant effect on the culture.
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Analysis of the ratio of COL14A1 to COL12A1 was used to demonstrate which culture was
the most mature, COL14A1 indicating immaturity and COL12A1 maturity. The microgravity
group had the least developed ECM due to the highest ratio, whilst the static group had the
most developed ECM due to the lowest ratio. This was further supported through the PCA
analysis highlighting COL12A1 as one of the largest contributing variables to the statics
groups separation from the other two. This indicated that increased nutrient diffusion was
inhibiting the maturation of the MSCs compared to static culture and microgravity was

amplifying this effect.
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1.1. Introduction

In response to changes during development, ageing and illness the cells of a tissue will react
by changing the extra cellular matrix (ECM), this may have a positive impact such as increased
hydroxyapatite during bone development (Long, 2011) or a negative impact such as
increased collagen | in osteoarthritic cartilage (Lahm et al., 2010). One of the key components
of the ECM of musculoskeletal tissues is collagen, of which there is at least 28 different types
with each type performing a different specific function within the ECM (Ricard-Blum, 2011).
The presence and proportion of the different collagen types varies between tissues, for
example in tendon types |, II, 11, V, XI, XIl and XIV are present with type | accounting for >90%
of the collagen whilst in cartilage types I, Il, VI, IX, X, XI, XIl, XIV are present with type Il
accounting for >90% of the collagens (Thorpe et al., 2013, Sophia Fox et al., 2009). The
specific collagen composition has the potential to be used to identify the tissue. One of the
key regulators of collagen is the mechanical forces applied to the tissue, which has been
shown to regulate cell differentiation and subsequent protein synthesis (Sarasa-Renedo and
Chiquet, 2005). For example higher tensile strain rates applied to tendon will result in an
increase in collagen |, this will result in an increase in stiffness of the tissue therefore enabling
the tissue to better cope with the force, this is seen during exercise (Carroll et al., 2017).
However excessive force leads to cell death and eventual tissue rupture (Wang, 2006),

appropriate mechanical stimulation is required to grow healthy tissue.

Tissue engineering is the in vitro development of native tissues. This can be achieved in
multiple ways, one such approach is the use of a 3D biomimetic scaffold seeded with cells
and exposed to chemical and/or mechanical stimulation in order to develop the targeted
tissue. Mesenchymal stem cells (MSCs) are one of the most frequently used cell types for
musculoskeletal tissue engineering as they possess the potential to differentiate down a
large number of cell lineages including tenogenic, osteogenic, chondrogenic, adipogenic and
myogenic (Dominici et al., 2006). The differentiation of MSCs is well characterised through
the use of media supplements and the application of mechanical stimulation, with different
stimuli better suited for different tissues, for example compression stimulation has been
found to induce osteogenic differentiation whilst inhibiting adipogenic differentiation (Rath
et al., 2008, Li et al., 2013) Mechanical stimulation is typically applied through the use of a
bioreactor, these are specialised devices that are designed to apply a specific function to
biological systems such as tensile strain, hydrostatic pressure or microgravity. The

mechanical stimulation is received by the cell through mechanotransduction, this may be



Chapter 1

through cell membrane deformation, cytoskeleton deformation or protein unfolding
amongst others and results in the activation of signalling pathways such as the p38 MAPK

pathway (Deng et al., 2008).

There are many material options for the 3D culture of cells both naturally derived and
synthetic, one of the most widely used is fibrin . Fibrin is formed at wound sites and is
generated through the selective cleavage of the glycoprotein fibrinogen by the protease
thrombin (Brown and Barker, 2014). The key advantages of fibrin include the well-
established approach in the field, pre-existing use as a natural scaffold in the body, cell
adhesion and that it can be considered a blank slate material enabling investigation of an

ECM solely produced by the cells (Paxton et al., 2012).

The assessment of successful tissue engineering is typically done by investigating the
production of ECM products that are widely found in a tissue, this approach excludes a
number of important and less populous ECM components such as the minor collagen types.
In tendon tissue engineering for example collagen | and Il (the most abundant) are typically
assessed for success excluding types I, V, XI, XIl and XIV, however without the other types
the type | and lll fibrils would not form correctly resulting in a non-functional tissue. It is
therefore necessary to assess all collagen types within the tissue engineered structure to
assess the success. The specific collagen types and their proportion detected can then be

used to define the cell differentiation and the tissue generated.

1.2. Tissue Engineering

1.2.1. Overview

Tissue engineer is a branch of regenerative medicine that first emerged as a potential
solution to aid in the repair and restoration of damage tissue and organs which, still to this
day, is widely provided by donations (Lanza et al., 2020). The shortage of donors coupled
with the increasing number of people of the donor waiting list and the ever-increasing aging
population acts as a major limiting factor to the effectiveness of tissue and organ donations.
In the USA there are over 113,000 people on the transplant waiting list with around 17,000
people waiting for over five years (OPTN, 2020). The effectiveness of tissue engineering as a
replacement for organ and tissue donations has been limited, though there has been a few
clinical successes such as INTEGRA, used for skin repair, and Osteopore, applied during

craniofacial bone surgery. Whilst the regenerative medicine applications are continued to be
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tackled newer approaches which utilise tissue engineering are beginning to be used such as

the emerging culture meat field (Ben-Arye and Levenberg, 2019).

Tissue engineering was first proposed in the 1970/80s where initial studies focused on
seeding cells onto existing biological scaffolds to generate new functioning tissue. One
example by Green (1977) saw chondrocytes seeded onto decalcified bone to repair cartilage
defects. Whilst these results were not satisfactory the principles helped to develop the basis
for tissue engineering. The field then moved towards using biocompatible scaffolds to grow
cells and develop the ECM. Early work looked to use natural scaffolds, such as collagen and
fibrin, on which cells were seeded with the potential to act as replacements for tissue such
as skin. The study by Vacanti (1988) was the next key work in the emerging field, here the
author moved away from using natural scaffolds to seed the cells onto specifically designed
scaffold that had appropriate chemical and physical properties for the tissue of interest. In
1981 the first engineered tissue transplantation, artificial skin for burn injuries, was
developed by Burke et al. (1981), here the dermal and epidermal layers were separated to
two scaffolds, the dermal was made up of bovine collagen and chondroitin 6-sulfate from
shark cartilage whilst the epidermal was made of medical grade Silastic. As the field
progressed so did the engineered tissue. In 1999 the first laboratory grown organ, an artificial
bladder, was implanted into patients (Atala et al., 2006). The artificial bladders were
generated from a collagen and polyglycolic acid scaffold and seeded with urothelial and
muscle cells, however there have been numerous obstacles that have since been identified
and slowly overcome (Adamowicz et al., 2017). Whilst the use of tissue engineering has not
progressed as rapidly in medicine as initially expected it is currently used for cartilage, bone,
skin, bladder, vascular graft and cardiac tissues in modern medicine (Colombo et al., 2017,

Lanza et al., 2020).

As the tissue engineering field developed so did the applications, one of the key techniques
to emerge was organoids for enhanced in vitro studies. Organoids are miniature tissue
engineered versions of organs that are generated by cells by mimicking organogenesis with
uses including drug screening and development (Sasai et al., 2012). This enables a study to
more closely resemble the in vivo environment than the traditional 2D culture. These tissue
engineered approaches allow for a more rapid understanding of diseases such as cancer and
dementia, whilst also reducing the need for animal testing. With continued development,
patient specific research may become a reality, featuring patients derived cells with organ-
on-a-chip or 3D tissue engineered models to identify genetic triggers for specific diseases

helping to speed up and specify diagnosis.
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Whilst the applications for tissue engineering vary the basis in which the structures are
generated are relatively consistent. The tissue engineered structure is typically formed from
a population of cells within a 3D environment. The 3D structure is then cultured under
controlled conditions designed to optimise desirable outcomes such as cell differentiation,
protein synthesis and structural development. To achieve a robust product initial
experimental criteria need to be defined including 3D scaffold, cell type, and culture

environment.

1.2.2. Scaffolds

Cells within an in vivo environment operate in a highly developed 3D structure that has
evolved to deliver a specific function, it is therefore impossible to re-create this same
environment in 2D cell culture. Tissue engineering better replicates the in vivo environment
by culturing the cells within a 3D structure, of which there is a wide variety that have been
utilised to develop the lab based engineered tissues. The cell-cell and cell-ECM interaction is
driven by the 3D structure in which the cell reside, with increased development of the 3D
structure material leading to a promotion in proliferation, migration and matrix production.
There is therefore a wide range of 3D cell culture techniques including decellularised ECM
and natural/synthetic hydrogels. The natural hydrogel fibrin has been used throughout the
present study due to the well-established application for a range of different tissues types
(Osathanon et al., 2008, Heher et al., 2015, Almeida et al., 2016, Gonzalez de Torre et al.,
2016, Carroll et al., 2017), natural biocompatibility and cell adhesion properties (Almelkar et
al., 2014) and, most importantly, offering a blank slate for collagen synthesis and detection
(Paxton et al., 2012). This section introduces a number of different biomaterials available for

3D cell culture including fibrin.

1.2.2.1. Hydrogels

Hydrogels are 3D polymeric structures that are primarily made up of water and can
incorporate and facilitate cells and proteins. Hydrogels can be broken down into two
categories, synthetic (e.g. polyacrylamide and polyethylene glycol) and natural polymers
(e.g. collagen, fibrin, alginate and hyaluronic acid) (Lee and Kim, 2018). The choice of
hydrogel depends on the users preference towards 2D and 3D culture, the tissue aiming to
be engineered with different materials enabling cells to adhere in a variety of ways, different
levels of stability in culture and the structural properties of the material. Fabrication of the

hydrogels is enabled by chemical or physical cross-link methods (Khunmanee et al., 2017).
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1.2.2.1.1. Natural hydrogels

Fibrin is formed naturally at wound sites (Weisel and Litvinov, 2013) where the serine
protease thrombin selectively cleaves two small amino acid sequence in the amino-termini
of the Aa and B chain of the dimeric glycoprotein fibrinogen. Successful cleavage exposes
polymerisation sites, resulting in the formation of fibrin molecules that interact through
disulfide bonds (Brown and Barker, 2014). Factor Xllla is activated by thrombin and increases
the fibrin stability by introducing €-N-(y-glutamyl)-lysyl crosslinks between residues in the y-
and a-chains of fibrin monomers (Byrnes et al., 2015). The ratio of thrombin to fibrinogen
dictates the fibril size and pore sizes (Lawrie et al., 1998). The pore size is important for
sufficient nutrient uptake and cell transport. Larger pores allow for increased cell growth
rates however this must be achieved without compromising the structural integrity (Chiu et
al., 2012). Once formed fibrin will naturally contract, closing the wound site in an in vivo
environment. The contraction is utilised during tissue engineering by casting the fibrin
between two posts which causes the material to generates a rod like structure similar to that
of tendon, bone or muscle. Cells can be either mixed with the raw components of the fibrin
hydrogel prior to gelation and therefore cast within as the gel polymerises or seeded on top

of the formed fibrin where the cells will then migrate through the structure.

Fibrins role within the body as a natural scaffold makes it appealing as a hydrogel due to its
cell adhesion properties resulting in the material being widely used in studies investigating
cell-mediated collagenous tissue assembly (Bian et al., 2012, Paxton et al., 2012). Fibrin
hydrogels exhibit viscoelastic properties with low stiffness, therefore limiting its
effectiveness as a replacement material for damaged tissue. The long term culture of fibrin
is restricted by the materials high susceptibility to protease mediated degradation however
additives to the culture media such as 6-amino-n-caproic acid inhibits the fibrin degradation

(Kupcsik et al., 2009).

Collagen is one of the most abundantly utilised hydrogels for tissue engineering
musculoskeletal tissue such as bone, tendon and ligament (Antoine et al., 2014). Collagen
type | is widely used due to the relative ease of extraction with the most common source
being rat-tail tendons, typically collagen type | is extracted using a solution of acetic acid and
pepsin and stored in a low pH solution at a low temperature to prevent spontaneous fibril
formation (Walters and Stegemann, 2014). By raising the temperature and pH the collagen
will undergo gelation and form a 3D structure, cells can either be pre-mixed with the liquid

collagen or seeded on top of the gelled collagen. Similarly to fibrin, collagen will form a rod
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like structure if generated about two fixed posts. Through temperature controlled gelation
the collagen | fibrils thickness can be altered, changes in fibril thickness can help control

structural properties, cellular migration and morphology (Doyle et al., 2015).

Collagen Il has been utilised at a lower extent for hydrogel formation, primarily in cartilage
tissue engineering. Collagen type Il has been extracted from chicken sternum to generate
hydrogels (Vidal Bde and Mello, 2016). Comparison between the collagen | and Il hydrogels
showed that the structure of collagen type Il more appropriately mimicked the ECM of
cartilage and promoted cartilage gene expression highlighting the importance of hydrogel
material choice (Vidal Bde and Mello, 2016, Lazarini et al., 2017). The key advantages of using
collagen based hydrogels is the cytocompatibility, cell adhesion and viscoelastic structural
properties. The collagen based hydrogels do feature some disadvantages including low
stiffness, batch to batch variation and limited long term stability. Some of these
disadvantages can be alleviated with chemical cross-linking however this can drastically
change the degradability of the structure whilst only slightly improving the structural
stiffness (Bian et al., 2009).

Other ECM derived hydrogels feature collagen types within the solution, this includes the
commercially available Matrigel which is extracted from Engelbreth-Holm-swarm mouse
sarcoma tumours and includes collagen type IV along with other basement membrane
components. Matrigel again has low structural mechanical properties and high batch to
batch variation. This coupled with the tumorigenic origin has resulted in high levels of
uncertainty in tissue engineering studies and the requirement of more tuneable hydrogels.
One of the main targets of tissue engineering is to regenerate the native ECM found in
healthy tissue. ECM derived hydrogels present the initial culture with these components
from the initial hydrogel formation by generating the hydrogel from solubilised and
polymerised native ECM. This results in a hydrogel that retain the full biochemical complexity
of the native tissue without the turmeric origin of Matrigel (Saldin et al., 2017). Many tissues
have been solubilised for ECM hydrogels such as the esophagus (Keane et al., 2015), heart
(Seif-Naraghi et al., 2013) and tendon (Farnebo et al., 2014) typically using a pepsin based
approach, however each tissue requires different digestion times, concentrations, pH among

other process parameters.

Whilst collagen and fibrin feature similar structural and cell adhesion characteristics, other
natural polymers do not and require modifications to enable their use as a hydrogels, this

includes alginate and hyaluronic acid. Hyaluronic acid, a nonsulfated glycosaminoglycan
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composed of a repeating disaccharide unit of glucuronate and N-acetylglucosamine (Meyer,
1958), is found in a wide range of tissues including cartilage, skin and the brain and has been
shown to play roles in development and healing (Fraser et al., 1997). The biggest advantage
to using hyaluronic acid hydrogels is the tunability of the structure, these modifications
include enabling cell adhesion, release of growth factors and other proteins and
manipulation of the mechanical properties of the structure (Burdick and Prestwich, 2011).
CD44 expression has been found to induce cell adhesion to hyaluronic acid hydrogels
through reduced material stiffness enabling integrin based adhesion, suppression of CD44

was found to impair cell adhesion (Kim and Kumar, 2014).

Alginate is a polysaccharide derived from brown algae that consists of B-D-mannuronic acid
M units and a-L-guluronic acid G units which assembles as block copolymers (Martinsen et
al., 1989, Augst et al., 2006). Alginate forms a hydrogel through ionic crosslinks between the
G units generated using divalent cations (e.g. calcium, magnesium and barium) (Augst et al.,
2006). By rapidly forming the cross linked structure cells can be encapsulated for 3D culture,
alginate then offers the ability to easily dissolve allowing for cell recovery, though as the cells
cannot degrade the hydrogel they remain relatively rounded meaning this structure is most

suited to chondrogenic 3D culture but has limited application for other cell types.

1.2.2.1.2. Synthetic hydrogels

Synthetic polymers offer highly tuneable structures; materials include polyacrylamide (PA)
and polyethylene glycol (PEG). PA hydrogels are generated by reacting acrylamide monomer
and bisacrylamide crosslinker in the presence of ammonium persulfate and tetramethyl
ethylene-diamine (Caliari and Burdick, 2016). PEG forms a hydrogel when combined with a
crosslinking substrate such as (meth)acrylates, alternatively when combined with diacrylate
the mixture forms a gel when exposed to UV light (Caliari and Burdick, 2016). The advantages
of PA derive from the well-established fabrication protocols which allows to dictate the
mechanical properties of the structure and the ease of protein coupling (Pelham and Wang,
1997, Tse and Engler, 2010). The structure of the PA hydrogel is highly directable and the cell
adhesion is pre-determined this enables a more complete understanding of the cellular
response when compared to a natural polymer derived hydrogel. However PA hydrogels
cannot be used for 3D encapsulation of cells due to the toxicity of the hydrogel precursors,
therefore this synthetic polymer is used with 2D culture where the adhesion layer is finely
tuneable (Caliari and Burdick, 2016). PEG is considered a blank slate material which again

allows for high modification to the structural and biological properties. As a basic material
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PEG does not offer many advantageous properties but with the addition of modification
materials the structure becomes highly adaptable and useful for a wide range of applications

(Kong et al., 2017).

1.2.2.1.3. Decellularised tissue

Decellularised tissue is a highly attractive form of 3D cell culture as it offers the most close-
to-nature mechanical and biological properties of all 3D structures (Chan and Leong, 2008).
Decellularised tissues have been used to tissue engineer heart valves (Knight et al., 2008),
vessels (Borschel et al., 2005), nerves (Hall, 1997) and tendons (Ingram et al., 2007).
Decellularisation of tissue is achieved through a multi-step process that involves lysing cell
membranes through freeze thaw cycles or ionic/non-ionic solution before separating the
cellular components from the tissue by enzymatic method such as trypsin/EDTA treatment.
The cytoplasmic and nuclear cellular components are then solubilised and removed using
specific detergents (Chan and Leong, 2008). lonic detergents, such as SDS, are the most
robust at removing cells however these ionic solutions also remove GAGs and growth factors
from the ECM, should these components be required a non-ionic solution, such as Triton X-
100, can be used in place, though these do not decellularise the tissue as effectively (Reing
et al., 2010, White et al., 2017). By removing the cellular components from the tissue the
process also removes the allogenic or xenogeneic cellular antigens that may otherwise result
in immune rejection upon implantation. The decellularised tissue can then be repopulated
with the patient’s cells generating a structure that closely replicates the originally damaged
tissues structure, however this technique requires surgery to acquire the scaffold. The
decellularised tissue may not be entirely decellularised which may result inimmune rejection
and the seeded cells may not be evenly distributed across the structure leading to an
inhomogeneous distribution and therefore incomplete tissue (Zheng et al., 2005). One of the
main draw backs from tissue decellularization is the protocol variation between different
tissue types, therefore requiring empirical experimentation and optimisation before the
tissue can be used (Heath, 2019). A set of minimum criteria have been established to
standardise the decellularization of tissues; 1) less than 50 ng double stranded DNA/mg dry
ECM, 2) <200 base pair DNA fragment length and 3) lack of visible nuclear material when
stained with DAPI or H&E (Crapo et al., 2011).

1.2.2.2. Bio-Printing

One of the major issues with scaffolds used in tissue engineering is the variation seen during

the fabrication of the 3D structure. This can be due to batch to batch variation when using
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naturally derived materials or due to the operator, who when dispensing and incubating the
components will inevitably incur variation from scaffold to scaffold. A potential solution to
the human lead variation is automation, with bioprinting offering an automated scaffold

manufacturing process.

Bioprinting is a relatively new form of 3D printing (Fig.1.1), this form of additive
manufacturing works in a very similar way to standard 3D printing in that the component to
be manufactured is generated on a computer system and then printed using the selected
material in a layer by layer deposition process. The material is then crosslinked using
chemical, UV or heat approaches to solidify the structure ready for use (Ozbolat et al., 2016).
Where bio-printing differs from standard 3D printing is that the components being printed
are designed for tissue engineering, typically as scaffolds for cells to grow on or in. If the
material used for printing contains live cells it is referred to as bioinks (Hospodiuk et al.,
2017), bioinks may also contains growth factors and ECM components (Ozbolat et al., 2016).
A wide range of materials are available for bio printing and are similar to those already used
as hydrogels for tissue engineering, including natural polymers such as agarose, alginate,
chitosan, collagen, Matrigel, fibrin, gelatin and hydroxyapatite and synthetic polymers such
as graphene, PLA and Pluronic F127 (Aldrich, 2020), with each material better suited to

different forms of bio printing and for different types of targeted tissues.
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Figure 1.1. Example of a 3D bio printer, the Cellink Box X (left) and a bioprinted hydrogel
(right) (Cellink, 2021).

The types of bio printing can be split into two broad groups, the nozzle based and the light
based, with nozzle based including inkjet and extrusion and light base including laser
assisted, digital light processing (DLP) and volumetric. The original bio-printing technique

was the inkjet method developed by Thomas Boland in the early 2000s (Mironov et al., 2003).
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Cells were encapsulated within a hydrogel solution and were stored within a sterile cartridge,
the cartridge was connected to the printer which secreted the bioink as droplets of a
controlled size. The droplets were dispensed in a predetermined pattern to produce the
computer generated design and the bioink was crosslinked as required. This method prints
designs quickly, is relatively low cost due to the simple design and retains a high cell viability
(80-90%) (Mandrycky et al., 2016). However due to the technique used to control the droplet
size and shape, micro-electromechanical system (MEMS), high viscosity materials cannot be
used with this technique, the viscosity of the material is not only affected by the materials
properties but also the cell density, a higher number of cells increases the viscosity therefore
the cell density is limited by the technique to approximately 1x10° cells/ml (Pepper et al.,
2012). The method has also been shown to induce the settling effect; initially the cells are
well mixed within the cartridge, however as the printing progresses the cells begin to settle
within the cartridge, leading to uneven cell distribution and eventual clogging of the system

as the cell density increases at the nozzle (Pepper et al., 2012).

Extrusion printing was developed in order to print the more viscous materials. Either an air-
force pump or screw plunger is used to continuously force the material through the nozzle,
this results in a continuous cylindrical line of bioink being dispensed onto the build plate, the
bioink is then crosslinked as required to form the structure intended. This method allows for
a much wider range of bioinks to be used and at a higher cell density than the inkjet method.
This method is limited by the resolution of the printer and the geometry it is able to achieve.
To improve the complexity of geometries extrusion printers typically come with multiple
nozzles to allow for the printing of multiple materials in parallel, this allows for a support
structure to be generated around the scaffold, once printing is complete the support
structure can be dissolved away leaving the desired scaffold. High levels of shear force are
seen as the material is extruded through the nozzle, this leads to relatively high cell death

during the fabrication.

Laser assisted printing originated from laser direct write (Bohandy et al., 1986) and laser
induced transfer technologies (Duocastella et al., 2007, Kattamis et al., 2007). The laser is
fired at an energy absorbing layer, such as gold or titanium, known as the donor layer. The
laser is fired at the desired location on the donor layer causing the portion of the donor layer
to vaporise and generate a high pressure bubble at the interface with the scaffold material.
The material falls as a droplet onto the build plate and is crosslinked to form the desired
structure. As no nozzle is involved much higher viscosity material can be used and no

mechanical stress is seen between the nozzle and cells therefore there is a higher cell viability
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(95%). However the effects of the laser on the cells is still not fully understood and is more

expensive due to the more complex system (Mandrycky et al., 2016).

DLP bioprinting works is in a similar way to laser assisted printing in that a photocurable resin
is cured by a light source to a defined shape. However were as laser assisted focuses on a
specific position to cure before moving onto the next position, DLP cures the entire layer
immediately therefore printing at a much faster rate than laser assisted and subjecting the
cells within the bioink to shorter periods of intense light (Ngo et al., 2018, Lu et al., 2006).
DLP bioprinting generates the structure through the use of a digital micro mirror device
(DMD) which consists of a group of micro sized, controllable mirrors. The mirrors rotate to
control the path of the light onto the photocurable resin, the light is then directed as defined
by a computer software to generate a specific structure. The resolution of the system is
defined by the DMD and is typically on the micron scale (Ngo et al., 2018). DLP does not use
a nozzle and therefore sees higher cell viability (85-95%) than nozzle based bioprinters

(Zhang et al., 2020).

Volumetric bioprinting looks to move away from the layer by layer approach of other printing
types and instead generate the entire structure at once. It is argued that this approach will
reduce the stress imposed on the cells during the relatively slow fabrication of the structure.
The instant fabrication means more complex hollow structures with overhangs can be
manufactured without out the need for a support structure (Kelly et al., 2019). Volumetric
bioprinting works by the controlled projection of a series of 2D patterned optical light fields
within a volume of a photopolymer. The 2D light pattered acts cumulatively to produce an
optical 3D dose distribution that triggers the polymerisation of the irradiated material into

the desired shape (Bernal et al., 2019, Loterie et al., 2018).

The generation of 3D scaffolds by the researcher inevitably leads to variation between
samples, by utilising bio printers the variability between samples and studies will
dramatically reduce allowing for more comparable and trustworthy results. The ever
developing bioprinting technology is making more complex and higher quality building a
reality, and with the ability to share designs and ideas between labs, comparable approaches
can be more widely used across research. Tissue engineering is only around 40 years old, and
with the continued emergence of newer technologies the automation and reproducibility of
lab grown tissues will continue to grow, potentially helping to generate an environment

closer to that of the target tissue.
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1.2.3. Bioreactors

Bioreactors have been developed to enable high expansion of adherent cultured cells that is
otherwise a limitation with 2D approaches. This is achieved by the tight control and
monitoring of the environmental conditions (e.g. pH, temperature, mechanical stimuli,
nutrient supply and waste removal) and can be applied using a stir tank bioreactor in which
adherent cells are cultured on a microcarrier system in suspension culture, drastically
reducing the number of tissue culture plastic vessels required. Through the high level of
control and experimental automation the reproducibility is dramatically increased, this has
led to the industrial utilisation of large-scale bioreactors for fermentation processing, water
treatment, food processing and the production of pharmaceuticals and recombinant
proteins (Martin et al., 2004). At the research level smaller bioreactors are utilised to apply
in vivo conditions to cell cultures, driving the cells to proliferate, differentiate and produce
targeted ECM to generate the engineered tissue (Liu et al., 2010b). Mechanical stimulation
bioreactors fall into the category of research bioreactors, and are used to replicate the
mechanical forces experienced by the targeted tissue in vivo such as tensile stimulation by

tendons and hydrostatic pressure by cartilage.

1.2.3.1. Mechanical stimulation bioreactors

A wide range of commercial and custom designed bioreactors are available for mechanical
stimulation. These bioreactors are designed to replicate the in vivo mechanical loads applied
to cells including tensile stimulation, shear force and hydrostatic pressure as well as
environmental forces such as microgravity. The application of mechanical stimulation and
the subsequent biochemical response is known as mechanotransduction, whilst the exact
process is not fully understood, studies have shown that integrins, cadherins, ion channels,
focal adhesion and growth factors/receptors play a role in the process (Sarasa-Renedo and
Chiquet, 2005). The activation of these mechanotransduction receptors activates cell
signalling cascades which may involve nuclear factor kappa B, MAPK, protein kinase C

pathway, Rho-dependent kinase (Sarasa-Renedo and Chiquet, 2005).

For tensile stimulation a range of commercial bioreactors are available, these include the
EBERS TC3, CellScale MCT6, BioDynamic 5200 and the Flex Cell Tissue train. A wide range of
custom built bioreactors have been utilised for studies as shown by Juncosa-Melvin et al.
(2006), Morita et al. (2013), Youngstrom et al. (2016) and Brandt et al. (2018). All tensile
stimulation bioreactor share similar design characteristics: a culture chamber enabling

tensile stimuli to be applied to the cells in a sterile environment, with the force applied by a
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linear actuator controlled by displacement software. Tensile stimulation is usually applied by
stretching the sample by a fixed amount, the sample may be cells within a 3D structure
(Youngstrom et al., 2015, Janvier et al., 2020) or cells adhered to a flexible membrane as a
monolayer (Juncosa-Melvin et al., 2006). In the case of the 3D cell culture, the samples are
attached to the bioreactor at the structures two extremes, this may be by a grip or a post
system. For both 2D and 3D tensile stimulation one end is typically fixed and the opposite
end is attached to a linear actuator (though both ends can be attached to two linear
actuator), the linear actuator is then electronically driven to stretch the sample by a fixed
amount. The amount of tensile stimulation applied is usually calculated as the strain placed
on the sample, this strain is the percentage change from the original length of the sample,
more advanced systems may have a load cell built in to record the amount of force being
applied. The tensile stimulation can be applied as a constant force where the only variable is
the amount of strain or as a dynamic force where as well as strain the frequency and duration

of the cyclic loading is also a variable.

Compressive forces are detected by cells throughout the body particularly by chondrocytes
(Responte et al., 2012). There are two main options to replicate compressive forces in vitro,
direct compression and hydrostatic pressure. Direct compression involves physically pressing
the cell culture structure with a solid object whilst hydrostatic pressure involves increasing
the volumetric pressure the sample is cultured in. Both commercial and custom direct
compression and hydrostatic pressure bioreactors are available. Examples for commercially
available direct compression bioreactors include the CellScale MCTX and EBERS TC3 with
compression grips and examples of custom are presented in studies by Cochis et al. (2017),
Meinert et al. (2017). Examples of commercially available hydrostatic pressure bioreactors
include the TGT Cartigen, CellScale MCTR, EBERS TC3 with hydrostatic pressure chamber and
Flexcell’s FX-5000C and custom are presented in studies by Reinwald et al. (2015), Correia et

al. (2012)).

Direct compression bioreactors typically work via a piston system. Here a sterile end is driven
down onto the test sample in a uniaxial direction, this requires the sample to all be uniform
in size and shape with a flat surface at the top and bottom of the structure ensuring the load
is evenly applied and the sample does not move. Hydrostatic pressure bioreactors typically
work by applying compressed air into the system to increase the atmospheric pressure
around the sample. As the entire atmospheric pressure within the culture environment is

increased the load is applied uniformly across the sample (Reinwald et al., 2015). Hydrostatic
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pressure has also been shown to enhance the transfer of small molecules such as O, and CO;
(Portner et al., 2005). The hydrostatic pressure systems require a large compressed air tank
as well as a culture chamber that is able to withstand the high pressures applied. Other
hydrostatic pressure systems, such as the EBERS TC3 hydrostatic pressure chamber, utilise a
piston which presses against a flexible membrane wall of the culture chamber, by reducing
the volume of the culture chamber the hydrostatic pressure increases, this type of system is
limited by the amount of pressure able to be applied as high pressure levels see the liquid
environment leak out. Both the piston based and compressed air systems are operated
electronically allowing the applied load to be easily controlled. For piston based systems the
load is measured as piston displacement, through a mounted pressure gauge the change in
pressure can be monitored. Many systems have been designed to use existing well plates or
petri dishes, therefore the transfer of samples from non-stimulated culture to pressurised
culture is relatively straightforward. The pressure can be applied as a constant (Tworkoski et
al., 2018) or as a cyclic profile (Henstock et al., 2013) where along with the pressure the

frequency and duration are also variables.

Some custom built compression bioreactor have been designed to allow for shear forces to
be applied in tandem with the compressive forces (Meinert et al., 2017, Cochis et al., 2017),
this helps to mimic mechanical environment such as the knee where compressive loads are
applied to the cartilage whilst the synovium also applies shear force to the tissue (Escamilla,
2001). Shear force is also seen in other tissues such as blood vessels (Lu and Kassab, 2011).
Shear based bioreactors have been developed commercially, for example the CellScale
Vitroflow, and work in a similar way to a rocker plate. Other systems apply shear force by
rotating samples within a drum, this includes the Synthecon RCC 3D cell culture system. As
well as the ability to apply shear force the Synthecon RCC 3D can also place samples within
microgravity, this is achieved by manipulating the rotational speed so that samples placed
within the rotation drum are in constant free fall therefore dramatically reducing the
gravitational force applied to the samples. The rotation is electronically controlled, to
generate the microgravity environment, the rotational drum should be entirely filled with
cell culture medium and all air bubbles removed from the system, which then attaches to
the rig and can begin rotation. The Synthecon RCC does not control temperature, humidity,
0, or CO; conditions and therefore must be placed within an incubator during use to achieve
the required conditions. These type of bioreactors allow researchers to investigate how
environment factors, such as microgravity, affect the proliferation, differentiation and ECM

production of the cells encapsulated within the system. The Synthecon RCC is the most
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commonly used system to apply microgravity to 3D cell cultures, as shown from the authors
literature review being used in approximately 70% of all studies investigating the effects of
microgravity on 3D cell culture between January 2015 and August 2020. The second most
frequently used is the custom designed random position machine (RPM) which has been
used in 29% of studies, here the whole system is constantly reorientating with respect to
earths gravitation field, resulting in the average gravitational force acting on the samples to

be less the 1 g (Benavides Damm et al., 2014).

The use of bioreactors allows specific stimuli that occur within the native environment to be
replicated in a controlled in vitro environment. This may result in an over simplified culture
as within a biological system these stimuli will not occur in isolation, however this does allow
the researcher to better understand the role these stimuli play. The choice of cell type is
equally as important as the stimuli being applied and the scaffold being used as different
cells will have different responses to specific loading. MSCs act as an ideal starting cell for
load based experimentation due to the MSCs multipotent characteristics enabling the cells

to respond to the varying stimuli by differentiating down different lineages.

1.3. Mesenchymal Stem Cells

MSCs are a multipotent cell that have the potential to differentiate down a variety lineages
to form skeletal cell types, the lineages including osteogenic, chondrogenic, adipogenic and
tenogenic (Fig.1.2) (Dominici et al., 2006, Archer and Ralphs, 2010). Tendon, bone and
cartilage have been investigated throughout the experimental sections of this thesis and so
have been specifically discussed in sections 1.4, 1.5 and 1.6. MSCs have been isolated in vitro
from a number of sources including the umbilical cord, placenta, fat and skin however the
most studied source is the bone marrow derived MSC (Zuk et al., 2002, da Silva Meirelles et
al., 2006). Within the bone marrow, MSCs account for 0.001-0.01% of the nucleated cell
population (Pittenger et al., 1999, Jiang et al., 2002) and therefore require a multistep
process to extract the cell from the bone marrow source. Initially the bone marrow is flushed
and dispensed over tissue culture plastic where, after a set period of time, the adherent cells
are retained and the non-adherent cells, such as red blood cells, are discarded. The
population of adherent cells can then be verified as MSCs through a variety of methods
however the most common is the tri-lineage assay. Here the cells must be able to
differentiate down all three of the adipogenic, chondrogenic and osteogenic lineage
(Pittenger et al., 1999, Jiang et al., 2002). Characterisation kits are another option for MSC

verification with the minimum criteria being defined by Dominici et al. (2006). 95% of the
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cell population must express CD73, CD90 and CD105 whilst less than 2% of the cell
population should express CD11b, CD34, CD45, CD79A and HLA-DR. The criteria defined in
the verification kit has been disputed as a range of cells may express the markers, for
example CD90 is expressed by fibroblasts in culture (Saada et al., 2006, Powell et al., 2011).
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Figure 1.2. The differentiation potential of MSCs, captured from Chan et al. (2007).

The differentiation fate of the MSC is determined by a number of factors including chemical
and physical stimuli and involves a two-step process; lineage commitment and maturation.
A number of signalling pathways have been shown to be involved in osteogenic,
chondrogenic and tenogenic differentiation including transforming growth factor-beta (TGF-
B)/BMP signalling, Wnt signalling, Hh signalling, Notch, Hippo and FGF (Chen et al., 2016).
The TGF-B superfamily consists of three subtypes: TGF-B1, TGF-B2 and TGF-3 (Chen et al.,
2012, Lorthongpanich et al., 2019). This group of growth factors is widely involved in cell
proliferation and cell differentiation, however the effect may be dose dependent, for
example low doses of BMP2, along with rosiglitazone (an antidiabetic drug), have been
shown to induce adipogenic differentiation whilst high doses of BMP2 accelerate
chondrogenic and osteogenic differentiation (zur Nieden et al., 2005). TGF-Bs bind to the
appropriate serine-threonine kinase receptor and active canonical Smad-dependent
pathways (including TGF-B/BMP ligands, receptors and Smads) and non-canonical Smad-
independent signalling pathways, such as p38 mitogen activated protein kinase (MAPK)
pathway (Deng et al., 2008), resulting in the regulation of osteogenic genes (e.g. Runx2),

chondrogenic genes (e.g. Sox9) and tenogenic genes (e.g. SCX).
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The Wnt proteins bind to Frizzled (FZ) 7-transmembrane spanning receptors and activate the
canonical Wnt/B-catenin pathway and the Wnt/B-calcium pathway (Kohn and Moon, 2005,
Cadigan and Peifer, 2009). The Wnt proteins that belong to the canonical group are: Wnt1,
Wnt2, Wnt2b/13, Wnt3, Wnt3a, Wnt8a/d, Wnt8b, Wntalla, WntalOb, Wnt9a.14,
Wnt9b/15 and Wnt16 and the noncanonical group: Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7a,
Wntll and Wntl6 (Ackers and Malgor, 2018). The Wnt signalling pathway has been
previously shown to facilitate osteogenic and chondrogenic differentiation (Kirton et al.,

2007, Park et al., 2015) and inhibit tenogenic differentiation (Kishimoto et al., 2017).

The Hedgehog family of secreted proteins consist of three orthologues: Sonic Hedgehog
(SHh), Indian Hedgehog (IHh) and Desert Hedgehog (DHh) (Chen et al., 2016). Through
binding of Hedgehog precursor to membrane proteins, Patched (Ptc) and Smoothened
(Smo), the transcription factors Gill, Gil2 and Gil3 are activated and regulate the expression
of Hedgehog targeted genes (Deng et al., 2008). Hedgehog and BMP signals have been shown
to cross-talk resulting in Smad modulation which in turn results in the promotion of
osteogenic differentiation (Spinella-Jaegle et al., 2001). Hedgehog signalling is an important
regulator of chondrogenesis with IHh highly expressed by prehypertropic chondrocytes and
osteoblasts at puberty (Kindblom et al., 2002) though the regulation of the cell types is not
identical. Osteoblast differentiation is controlled by Runx2 expression (Yuan et al., 2016)
whilst prehypertropic chondrocyte differentiation is regulated by PTHrP (Williams et al.,
2018). IHh signalling is mediated by Wnt/B-calcium signalling during osteoblast
differentiation (Hill et al., 2006) whilst Wnt/B-calcium acts upstream and in parallel to IHh in
chondrocyte survival and hypertrophy, respectively (Mak et al., 2006). Hedgehog signalling
has been shown to be present at the insertion site of tendon-bone during cell differentiation
(Liu et al., 2013) and found via the primary cilia, to be a mechanosensitive pathway during
tendon-bone healing (Carbone et al., 2016), suggesting it plays an important role during

tendon development particularly at the bone attachment sight.

Activation of the Hippo pathway negatively regulates the expression of the yes associated
protein (YAP), a key transcriptional co-factor that has been shown to be involved in stem cell
fate (Zhao et al., 2011a). YAP and its paralogue transcriptional co-activator with PDZ-binding
motif (TAZ) are thought to shuttle between the cytoplasm and the nucleus and interact with
transcription factors, regulating their activity and therefore cell differentiation (Karystinou
et al., 2015). Low expression of YAP and TAZ has been shown to promote adipogenesis and
chondrogenesis in MSCs whilst high expression drives MSCs towards osteogenesis (Hong et

al., 2005, Zhong et al., 2013, Karystinou et al., 2015).
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The notch signalling pathway involves the single transmembrane proteins Notch and Notch
ligand (Delta/Serrate/LAG-2, DSAL protein) (Lin and Hankenson, 2011). These proteins
regulate cell differentiation through cell-cell communication and have been shown to both
supress and induce osteogenic differentiation by inhibiting Wnt/B-catenin signalling (Deng
et al., 2008) whilst promoting BMP2 signalling (Shimizu et al., 2011). Similarly during
chondrogenesis Notch signalling is necessary to initiate differentiation but must be switched

off to allow chondrogenesis to proceed (Oldershaw and Hardingham, 2010).

1.3.1. Mechanical Regulation of Mesenchymal Stem Cell

Differentiation

Each signalling pathway does not function in isolation but works with other pathways to drive
the differentiation of MSCs, the activation of the pathways is driven by stimuli found in the
tissue microenvironment. Stimuli can comprise biological factors such as ageing and
chemical cues including the addition of TGF-B in vitro which initiates and maintains
chondrogenic differentiation of MSCs through the stimulatory activities on MAPK and
modulation of Wnt signalling (Tuli et al., 2003). Mechanical factors also act to drive MSC
differentiation and include a range of stimuli including cell morphology, mechanical forces,
ECM components and geometric structures. The process through which mechanical factors
influence cell changes via intercellular biochemistry and gene expression is known as
mechanotransduction (Wang et al., 2009). These mechanical factors arise from the MSCs not
acting in isolation but physically interacting with components of their microenvironment,
with changes to the microenvironment directing the MSC fate. This has been demonstrated
by Engler et al. (2006), here the matrices the MSCs adhered to varied in stiffness, the cells
then differentiated into either neuron cells when on the elastic matrix (0.1-1 kPa), myocytes
when on the stiffer matrix (8-17 kPa) or osteoblasts on the stiffest matrix (25-40 kPa). The
main cellular components that mediate mechanical forces from the ECM are integrin and
cadherin receptors which facilitate cell adhesion to the ECM by binding to proteins and are
able to transmit forces by physical interaction with the actin cytoskeleton (Alenghat and
Ingber, 2002, Schwartz, 2010, Schwartz and DeSimone, 2008). Mechanical stimulus results
in the activation of mechanosensitive ion channels, heterotrimeric G proteins, protein
kinases and other membrane-associated single transducer molecules. This sees the
downstream activation of signalling cascades which results in mechanical stimulation
dependant cellular changes (Chien, 2007). The interaction with the structural cytoskeleton

can dictate the cell shape which can then lead to the differentiation of the MSC; if the MSC
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is to differentiate down the chondrogenic lineage it becomes round (Johnstone et al., 1998,
Erickson et al., 2002) whereas if the MSC spreads out it may develop into an osteoblast
(McBeath et al., 2004). The cytoskeleton can generate a response to mechanical forces, as
the load will deform the structure. Through this deformation, proteins associated with the
cytoskeleton will also deform which, under the right conditions, may cause the protein to
unfold and present a new binding site, this then may lead to the activation of signalling

pathways through the phosphorylation of proteins (Vogel and Sheetz, 2009).

External mechanical forces act on musculoskeletal tissues through development and
maturation. Various forces are experienced by the different tissues dependant on the role
the tissue plays to maintain homeostasis, this includes tensile loading on tendons and muscle
(Magid and Law, 1985, Wang, 2006) and hydrostatic pressure on bone and cartilage (Gurkan
and Akkus, 2008, Montagne et al., 2017). The application of constant tensile stimulation to
MSCs has been shown to promote endogenous BMP-2 expression, osteogenic gene
expression and calcium deposition (Sumanasinghe et al., 2006, Byrne et al., 2008, Qi et al.,
2008, Hanson et al., 2009, Rui et al., 2011). The upregulations of the MAPK pathway has been
seen with cyclic tensile strain (Ward et al., 2007) suggesting its importance as a key
mechanotransductive pathway in tensile stimulation. The magnitude of the tensile strain has
been found to regulate the MSC differential fate with high tensile strain resulting in
myogenesis and low tensile strain osteogenesis (Jang et al.,, 2011). Tensile stimulation
deforms the tissue and therefore the cells bound to the actin cytoskeleton, therefore
resulting in a cell response, hydrostatic pressure is a non-deforming mechanical stimulus and
therefore regulates cell fate in a different way. In chondrocytes static hydrostatic pressure
inhibits the Na/K and Na/K/2Cl pump whilst enhancing the Na/H exchange (Browning et al.,
1999, Hall, 1999). There is evidence to suggest that hydrostatic pressure regulates
hypertrophy with the application of cyclic hydrostatic pressure resulting in a decrease in

hypertrophic markers collagen X and IHh in MSC pellet culture (Vinardell et al., 2012).

MSCs detect and respond to external mechanical signals in a number of ways through
mechanotransduction, these include cell membrane components and intracellular
components. The regulation of many ions across the cell membrane is highly controlled
though ion channels. Some of these ion channels have been found to activate or deactivate
when the cell is exposed to mechanical stretch (Campbell et al., 2008). The importance of
these ion channels has been shown with cyclic tensile loading of MSCs, by blocking the ion
channels through the stretch-activated ion channel inhibitor gadolinium chloride, it was

found that proteoglycan production was significantly decreased (McMahon et al., 2008).
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Integrins detect the deformation to the ECM through binding sites with multiple or single
ECM components. The response of the integrin to the mechanical stimuli has little direct
control over the cell behaviour, instead the mechanical signals transmitted to the integrin
from the ECM results in the formation of protein complexes that in turn trigger signalling
cascades within the cell (Giancotti and Ruoslahti, 1999). Integrins help to regulate cell-ECM
interaction, cadherins help to regulate cell-cell interactions. The cadherins bind to other
cadherins on other cells in a homophilic manner extracellularly, whilst also binding to the
actin cytoskeleton intracellularly, this allows the cells to interact with other cells in response
to mechanical stimulation, therefore directing the cell populations differentiation (Steward

and Kelly, 2015).

The cell membrane mechanoreceptors transmit the mechanical stimuli to intracellular
sensors. One of the key responders is the actin-rich stress fibres which bind to the
transmembrane integrins at prominent membrane-substratum adhesion sites known as
focal adhesions (Burridge et al., 1988). The stress fibres are myosin associated, contractile
bundles of filamentous actin that assemble in stress sensing cells (Wong et al., 1983). The
application of mechanical stresses results in the remodelling of the actin skeleton and thus
the focal adhesion sites. The intracellular response leads to a number of signal transduction
pathways including kinase activation (Akt, MAPK and FAK) and B-Catenin. MAPKs are
serine/threonine protein kinases which are essential to mechanosensing, for example
ERK1/2 is necessary for strain response by osteoblasts (Rubin et al., 2002), and without,
osteogenic differentiation of MSCs through TGF-f is not possible (Arita et al., 2011). The
interaction of different intracellular responses results in different cell fate, for example
mechanical activation of Akt (a serine/threonine kinase) increases B-Catenin activation
which results in inhibited adipogenic differentiation of MSCs (Sen et al., 2008). Further focal
adhesion kinases are concentrated near focal adhesions and are associated with a number
of signalling proteins including phosphatidylinositol 3-kinases (P13K), and paxillin (Cukierman
et al., 2001, Hehlgans et al., 2007). Through interactions with these signalling proteins, the
focal adhesion kinases form a functional network of integrin stimulated signalling pathways
that result in downstream activation of the MAPK pathways (Chatzizacharias et al., 2008).
Extra and Intracellular mechanotransduction is a complex process that involves a number of
cell membrane mechanoreceptors and the activation of multiple signalling pathways.
Through the appropriate activation the MSC begins to differentiate down a specific lineage
and, under the right conditions, results in the further activation of signalling pathways and

maturation of the cell within the lineage.
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The 3D culture of MSCs has been routinely used to investigate the role of mechanical
stimulation in a controlled research environment. Different types of mechanical stimulation
has been applied to 3D MSCs culture generating different differential responses from the
cells. Tensile stimulation has been shown to upregulate osteogenesis and tenogenesis whilst
inhibiting adipogenesis (Simmons et al., 2003, Sen et al., 2008). Studies have shown that the
amount of tensile strain applied can drive the type of differentiation seen, with 3% being
shown to favour osteogenic differentiation and 10% tenogenic differentiation both seeing
increases in COL1A1 and osteogenic or tenogenic markers (Altman et al., 2002, Chen et al.,
2008, Zhang et al., 2008, Jagodzinski et al., 2004). The profile in which the tensile stimulation
is applied has been shown to be critical in the long term differentiation of the cells with
constant force of 6.7 N leading to a reduced production of collagen after 21 days compared

to the unloaded scaffold, suggesting cyclic loading is essential to targeted differentiation.

Hydrostatic pressure has been used to drive the chondrogenic and osteogenic differentiation
of MSCs, again it has been shown that the rate and level at which the force is applied results
in varying effects of the MSCs. Chondrocytes are typically exposed to high magnitudes of
hydrostatic pressure (>1 MPa) (Zhang et al., 1998), loads lower than what is seen in
chondrogenesis have been shown to upregulate osteogenic markers ALP and RUNX2,
suggesting the MSCs are differentiating down the osteogenic lineage (Liu et al., 2009a).
Increasing the level of hydrostatic pressure has been found to induce chondrogenic
differentiation, Saha et al. (2017) found that 1 MPa saw upregulation of SOX9, and the
downregulation of COL10A1, indicating that not only was hydrostatic pressure driving the
chondrogenic differentiation but also inhibiting hypertrophy. Higher levels of hydrostatic
pressure, 10 MPa, has again been shown to drive chondrogenic differentiation with increases
in GAG production and collagen Il synthesis (Steward et al., 2014). It appears that lower levels
of either tensile loading or hydrostatic pressure favour osteogenic differentiation, whilst
higher results in different forms of differentiation, demonstrating the variable role

mechanical stimulation can play in the differentiation of MSCs in 3D culture.

The multiple lineage potential coupled with the well-established response to mechanical
stimulation of MSCs has made the cell an ideal candidate when investigating tissue
engineering of different musculoskeletal tissues. Within this study the generation of tissue
engineered bone, tendon and cartilage has been investigated through the application of
tensile stimulation (tendon) and hydrostatic pressure (bone and cartilage). An review of the

native tissue and tissue engineered approaches is established in the subsequent sections.
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1.4. Tendon

1.4.1. Function

Tendons are dense, organised, fibrous soft tissues that connect muscle to bone. The primary
function of tendon is transmitting force produced by muscle to bone enabling joint motion
(Robert et al., 1974). Whilst tendon encompasses a wide range of tissues found throughout
the body each specific tendon has differences (e.g. composition and shape) that help it to
adapt to the environment it is located in (Sharma and Maffulli, 2006, Thorpe et al., 2010,
Thorpe et al., 2014). For example the human Achilles tendon and the equine superficial
digital flexor tendon (SDFT) require energy storage properties. Therefore whilst the primary
function of tendon is force transmission, the conflicting functions, including tensile
resistance and energy storage, requires a specialised structure. Tendon is mainly composed
of water, which accounts for 55-70% of the wet weight (Gomes et al., 2015). The major ECM
component is collagen, accounting for 60-85% of the dry weight which enables the tendon
to withstand high strain rates and prevents the loss of contractile energy during movement
(Kjaer, 2004). The presence of a viscous matrix enables the collagen fibres to slide and
provides the tendon with an increased range of movement and viscoelastic properties

(Shepherd and Screen, 2013).

1.4.2. Structure

Tendons are composed of a complex hierarchical structure (Fig.1.3), surrounding the tendon
is the paratenon and epitenon whilst the endotenon resides within, these are the main blood
vessel and nerve containing regions. The paratenon is the outer most structure and is
composed of loose connective tissue. It is found away from joints and facilitates movement
in the subcutaneous position. The epitenon surrounds the collagen fascicles and is a layer of
connective tissue that is continuous with the endotenon, also known as the interfascicular
matrix (IFM) (Thorpe et al., 2015) . Whilst the paratenon and epitenon contain the majority
of the blood vessels and nerves a percentage does reside within the fascicles, this number
varies between tendon types, for examples the human Achilles tendon has regions of high
vascularisation (insertion and origin points) with avascular regions (the mid region)
(Theobald et al., 2005). The primary cell found in tendon is the tenocyte (a tendon specific
fibroblast) and is thought to account for approximately 95% of the cells with endothelial cells,
progenitor cells and chondrocytes making up the other 5% (Franchi et al., 2007). Tenocytes
are thought to derive from a mesenchymal origin with the progenitor cell differentiation

regulated by a number of transcription factors including Six1, Six2, EphA4, Eya2, follistatin,
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tenascin, mohawk and scleraxis (Aslan et al., 2008, Jelinsky et al., 2010). The tenocytes are
either located as groups in the IFM between the collagenous fascicles or within the
collagenous fascicles. The tenocytes found in the IFM (termed interfascicular tenocytes) are
relatively plump and round whilst those within the fascicles (termed intarfascicular
tenocytes) are elongated with an extended nuclei and a complex network of cytoplasmic
processes extending through the ECM to other tenocytes via gap junctions (McNeilly et al.,
1996). The tenocyte’s role is to produce the relevant ECM as well as repair and maintain the

tendon tissue (Franchi et al., 2007, Kannus, 2000).
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Figure 1.3. Schematic of the hierarchical structure of collagen in tendon. Captured from
Nourissat et al. (2015).

1.4.2.1. ECM of Tendon

Whilst the ECM of tendon is composed mostly of collagen other molecules also reside within
this space. Proteoglycans are the predominant class of glycoproteins and are classified into
two groups, the small leucine-rich proteoglycans (SLRPs) and the large aggregating
proteoglycans (Parkinson et al., 2011). Of the proteoglycans, the SLRP decorin is the most
common accounting for 80% of the proteoglycan content in tendon (Samiric et al., 20043,
Thorpe et al., 2013), other SLRP include biglycan, fibromodulin, lumican and keratocan (Rees
et al., 2009). These proteoglycans are prevalent in collagen-rich tissues, with a horseshoe
shaped protein core featuring a leucine-rich repeat which is involved in binding to collagen
(Henry et al., 2001, Vogel et al., 1984, Hedbom and Heinegard, 1989, Rada et al., 1993). The
SLRPs have been shown to help regulate collagen organisation (Danielson et al., 1997).

Aggrecan and versican are the large aggregating proteoglycans found in the tendon (Vogel

24



Chapter 1

et al.,, 1994, Campbell et al., 1996, Rees et al., 2000, Samiric et al., 2004b). Due to the
negatively charged glycosaminoglycan (GAG) chains attached to the core proteins of the
large aggregating proteoglycans, they have the ability to attract and bind water within the
ECM of tendon aiding the biomechanical properties, particularly the compressive properties
(Rees et al., 2002, Marcelino et al., 1999, Rhee et al., 2005). Other non-collagenous proteins
include elastin, link protein, cartilage oligomeric matrix-protein, tenascin-C fibronectin,
tenomodulin, COMP, lubricin, undulin and thrombospondin-1 (Thorpe et al., 2013, Kannus,
2000, Parkinson et al., 2011). These proteins are involved in matrix-matrix, cell-matrix

organisation or cell-matrix signalling (Parkinson et al., 2011).

1.4.2.1.1. Collagens of Tendon

The most prevalent component of the tendon ECM is collagen and as with every tissue the
composition of collagen types found in tendon is specific to tendon. Collagen types |, lll, V,
XI, XIl and XIV make up the tendon collagen composition (Riley et al., 1994, Thorpe et al.,
2013) with type | accounting for 95% of the collagen in tendon (Screen et al., 2015). Within
tendon there are two collagen subcategories, fibril forming (1, I, lll, V, XI) and FACIT (XIl and
XIV). The fibril forming collagens are secreted into the ECM by the tenocytes and
spontaneously assemble into parallel fibrils stabilised by intra and intermolecular covalent
crosslinking (Anttinen et al., 1977, Canty and Kadler, 2005). These fibrils bunch together
forming the fibres which form the fascicles and finally the tendon (Fig.1.11). Collagen type |
fibrils are the main contributor to the tendons mechanical properties providing the tendon
with tensile strength. The other collagens within the ECM all play an important, and often
overlooked, role to maintain tendon homeostasis. Collagen type Ill is the second most
abundant collagen in the tendon ECM, accounting for up to 10% of the total collagen content
(Kadler et al., 1990). Type Ill is always associated with type | collagen and forms smaller
diameter fibrils than type | (Rees et al., 2002). Type Ill is found in high concentrations at
wound sites (Voleti et al., 2012) and in the vascular wall (Buckley et al., 2013). Elaborating
from the prevalence of type Il suggests that type lll fibrils have greater flexibility than the
type | fibrils, therefore increasing the tendon’s flexibility (Parkin et al., 2017). However an
increased ratio of type Ill to type | in the tendon is seen with ageing and increased pathology

(Smith et al., 1999, Goncalves-Neto et al., 2002).

Type V and Xl act as regulatory collagens within the structure. Collagen type V is mostly
located in the core of collagen | fibres and plays a critical role during the early process of fibril

nucleation, type | fibre diameter regulation and organisation (Connizzo et al., 2015). The
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collagen V fibrils incorporate into the collagen | fibres, with the triple helix present in the
core of the fibre and the N-terminal propeptides (containing a thrombospondin or von
Willebrand factor C domain) extending outward to the gap zone of the collagen | structure.
Through interactions with the exposed N-terminal the collagen V fibrils help to regulate the
collagen | fibre development (Birk, 2001). A reduction in collagen V fibrils sees a reduction in
overall fibres and an increased fibre diameter, resulting in a major change to the mechanical
properties of tendon (Segev et al., 2006, Wenstrup et al., 2011, Sun et al., 2015). Collagen
type Xl is expressed in developing tendons and plays a similar role to collagen type V
(Wenstrup et al., 2011). Similarly to collagen type V, type XI's triple helix is located in the
core of the collagen | fibre and the N propeptides extends outward to the gap, the N
propeptides contains a thrombospondin like domain and is thought to inhibit lateral growth
as well as regulate fibril assembly (Seet et al., 2017). Type V and Xl are structurally and
functionally homologous and are now considered a single collagen type with multiple tissue-

specific isoforms (Hoffman et al., 2010).

The two FACIT collagens (XII and XIV) share a similar role within the tendon though feature
different expression patterns during tendon development (Zhang et al., 2005). Both FACIT
collagens bind to the surface of the collagen fibrils and due to the large globular N-terminal
domains interact with other components of the tendons ECM. Type Xll has been shown to
be expressed throughout tendon development and into adulthood though the expression is
significantly decreased in adulthood (Zhang et al., 2003, Walchli et al., 1994, Gordon et al.,
1996). Type XIV is involved in linear fibril growth (Zhang et al., 2005) by limiting the fibril
diameter through the prevention of lateral fusion of adjacent fibrils through interaction
between one of the non-collagenous terminals and collagen | fibrils, and has been shown to
be highly expressed during embryogenesis before a sharp decrease in expression (Young et
al., 2000, Young et al., 2002). Type XIV interacts with other ECM components such as collagen
IV, heparin and decorin (Brown et al., 1993) and various mesenchymal and epithelial cells

(Ehnis et al., 1996).

1.4.3. Mechanical Properties

Tendons are predominantly loaded along the long axis in tension, however some tendons
have the additional role of energy storage to aid in locomotion (Biewener, 1998). Uniaxial
tensile testing gives an insight into the tendon’s mechanical properties. Fig.1.4 shows a
typical stress-strain curve for tendon, depicting the typical non-linear response as four

distinct regions. The initial region is known as the toe region. As the tendons structure is
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primarily made of collagen type | the elasticity of the structure is relatively low (though
higher for energy storing tendons). To overcome this limitation the collagen fibrils arrange
into a crimp structure, as loading is applied the crimp straightens out and there is some
reordering of the collagen fibres until it is aligned in the direction of loading, resulting in a
period of relatively high elongation for low stress (Screen et al., 2004). Following the toe
region is the heel region. Here the stiffness begins to rise due to further reordering of the
collagen fibrils and straightening of kinks in the gaps of the D period (Misof et al., 1997).
Once the collagen fibres are appropriately arranged the response enters the linear region.
Here due to the composite structure of tendon (collagen and proteoglycans) the matrix
undergoes a combination of extension and sliding of the collagen fibres (Screen, 2009).
Eventually the load becomes great enough that the tendon begins to fail, usually seen as a
pulling apart of collagen fibres, resulting in a gradual decrease in the recorded force rather

than a sudden breakage (Screen et al., 2004).

Failure
Toe . Heel Linear

Region Region, Region

Stress (Pa)

1-3% 2-5% 5-15%
Strain (%)
Figure 1.4. Schematic stress-strain curve for tendon. The toe region, heel region, linear

region and point of failure have been highlighted and typical strains at each region shown.

Due to its structure and composition tendon is a viscoelastic material, therefore a tendon
exhibits both viscous and elastic mechanical behaviour. This results in the mechanical
properties of the tendon being rate of force dependant. Viscoelastic properties can be
observed through hysteresis, creep and stress relaxation, all three properties apply some
form of load to the sample for a set period of time and demonstrate how the materials

response changes with time.

Hysteresis is shown by applying a load to a sample over a period of time and then unloading

the sample for the same period of time (Fig.1.5.Ai). A perfectly elastic material will have an
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identical loading and unloading curve, whereas a viscoelastic materials unloading curve will
not follow the loading curve (Fig.1.5.Aii), the area between the loading and unloading curve
is the energy lost during the loading cycle. In tendon, hysteresis is thought to occur due to

the movement of water through the tissue and the reordering of the fibre structure (Thorpe

et al.,, 2013).

Creep is tested for by applying a constant load to the sample and the extension is monitored
over a set period of time (Fig.1.5.Bi). If the sample is viscoelastic the material will continue

to elongate until it fails despite no increase in load or the recorded extension stabilises

(Fig.1.5.Bii).

Stress relaxation is shown by displacing the sample by a fixed amount over a set period of
time (Fig.1.5.Ci), and measuring the change in force. A typical viscoelastic response will see

the stress decrease until it levels off and reaches equilibrium (Fig.1.5.Cii).
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Figure 1.5. Schematic of viscoelastic loading regimen graphs (Ai, Bi and Ci) and viscoelastic

material response graphs (Aii, Bii and Cii). Viscoelastic hysteresis data points taken from

section 4.4.9.
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1.4.4. Tendon Tissue Engineering

Tendons are susceptible to injury during overuse and overloading particularly in athletes,
this can lead to pathological changes within the tendons structure that results in
tendinopathy (Kaux et al., 2011). Due to the poor vascular supply in tendons repair following
rupture is slow and leaves an impaired structure. The most common technique used to repair
ruptured tendons is primary suture (Fig.1.6) or autologous transfer, however these
techniques result in reduced mechanical strength of the tissues due to scar formation,
infection, donor site morbidity and limited availability of autografts (Glass et al., 2014).
Tissue engineered tendon therefore offer a potential alternative for the current gold
standard. Alternatively improved tissue engineered tendon (closer to native tissue) gives
researchers an in vitro model that can be used to investigate drug approaches, rehabilitation

or cell therapies.

Figure 1.6. Suture repair of torn patellar tendon. Holes are drilled into the kneecap and
sutures are threaded through the tendon and into the holes to pull the tendon back into

position. Adapted from (Wilkerson, 2016).

The natural polymer is fibrin is one of the most widely used biomaterials for tendon tissue
engineering, Breidenbach et al. (2015) showed that after 2-3 weeks the cells degrade the
fibrin scaffold and replace it with collagen fibrils, this also shows an improved mechanical
strength compared to collagen scaffolds. Yeung et al. (2015) showed that the collagen fibrils
generated during collagen gelation are random in size and orientation whilst the collagen
fibrils generated by cells in both fibrin and collagen hydrogels are narrow and aligned to the
long axis of the structure. The cells in the collagen hydrogel appear stellate in shape with

numerous projections similar to a 2D culture, whilst the cells in fibrin hydrogels appeared
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more similar to in vivo, with cylindrical shape aligned to the loading axis. Therefore fibrin is

a better model for tendon development.

An alternative natural polymer is collagen type | which is frequently used as it is the primary
biological component of the tendon’s ECM (Young et al.,, 1998, Awad et al.,, 1999,
Bagnaninchi et al., 2007), and has shown to increase healing and function in damaged rabbit
Achilles when seeded with MSCs (Young et al., 1998). However the initially formed structure
is not aligned and instead made up of randomly orientated fibrils with impaired mechanical
strength compared to native tendon (Bagnaninchi et al., 2007). Hybrid structures have been
utilised to overcome some of these issues using other natural and synthetic polymers, this
includes a collagen-silk (Chen et al., 2010), collagen-GAG (Caliari et al., 2011) and collagen-
poly(l-lactide-co-e-caprolactone) (Xu et al., 2013), all having seen increased mechanical

strength and alignment compared to solely collagen structures.

In tissue engineering, tenocytes, fibroblast and MSCs have been the most widely used cell
type (Engebretson et al., 2015). MSCs have been shown to be the better option as, whilst
tenocytes do produce the correct ECM they proliferate at a much slower rate than MSCs.
Tenocyte seeded Polyglycolide (PGA) fibres have been shown to generate high amounts of
ECM after 10 weeks but do not have a high mechanical strength (Cao et al., 2004). When the
tenocyte seeded PGA scaffold where implanted into rabbits the structure began to resemble
that of native tendon however the PGA generated an immune response (Cao et al., 2002).
Alternatively MSC seeded collagen scaffolds have shown a positive increase in mechanical
strength but do not show improved cell morphology or alignment suggesting limited
tenogenic differentiation (Awad et al., 1999). To further drive the differentiation and ECM
production chemical and mechanical stimuli have been applied to the tissue engineered

tendons.

Whilst most tissues receive a range of mechanical forces tendons mostly undergo stretch
and relaxation as they transfer loads from the muscle to the bone (Kannus, 2000). The most
common in vitro force applied to tissue engineered tendon is tensile stimulation which is
normally applied in the longitudinal direction (Calve et al., 2004). Mechanical stimulation is
applied using bioreactors, this can be either to 2D monolayers or 3D cell cultures (Fig.1.7).
Appropriate mechanical stimulation for human tendons has been proposed to be up to 6%
strain, above this strain rate the tendon ECM begins to degenerate (Wang, 2006). This has
been supported with in vitro studies showing improved cell morphology with 5% strain at

1Hz (Sensini et al., 2019) and increased expression of tendon specific markers; scleraxis,
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tenascin C, collagen I, collagen lll, tenomodulin and VEGFA with 4% strain at 0.5Hz (Wu et
al., 2017). However degenerative strain rates (>6%) have shown to increase the production
of tendon degenerative markers, the study by Wang et al. (2003a) saw an increase in
cyclooxygenase 1 and 2, prostaglandin E2 which are related to tendon inflammation when
the tendons were strained at 12%. Further 9% strain has been shown to significantly increase
the c-Jun N-terminal kinase pathway activation, which can lead to apoptosis (Arnoczky et al.,
2002), separately Kearney et al. (2008) showed that 7.5% strain resulted in increased rates

of apoptosis.

Figure 1.7. Image of tissue engineered tendon in stretch bioreactor. MSCs seeded onto a
decellularised tendon and subjected to 24hrs of uniaxial stretch. Adapted from (Burk et al.,

2016).

Currently no study has produced a tissue engineered tendon that has been adopted widely
for tendon repair surgery, however progress has been made through the investigation of
different cell sources, a variety of scaffolds and the stimuli used during cell culture giving a
more complete understanding of how these cells proliferate, differentiate and produce ECM
for tendon regeneration, though more still needs to be done. Whilst the tissue engineered
tendon is becoming a more usable tool, further studies are required to confirm the long-
term usage and biosafety of the structure before it can be considered for tendon repair. The
application of mechanical stimulation for tendon tissue engineering is proving to be
essential. With induced differentiation of cells towards tenocytes, improved mechanical
properties and upregulation of tendon specific markers, the use of tensile stimulation has
been shown on multiple occasions to promote the regeneration of the tendon ECM (Carroll
et al., 2017, Wu et al., 2017, Sensini et al., 2019). Whilst progress is being made important
markers within the ECM are not being investigated, these include the complete collagen

composition found within healthy tissue. By focusing on the major components of the ECM

31



Chapter 1

a skewed view of what is being generated is being established, for example only investigating
the collagen | concentration is not effective if none of the regulatory collagens (V, XI, XII, or
XIV) are investigated as the collagen | may be forming in-correctly, rendering the tissue
useless. The field of tendon tissue engineering is promising, though no one protocol has
proven to be optimal for the tissue generation, continued development of the biomaterial
selection, media formulation and culture dynamics are required to create a truly effective

engineered tendon.
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1.5. Bone

1.5.1. Function

The adult bone can be split into two main types, the cortical bone and trabecular bone
(Mizokami et al., 2017) with the structure containing three main compartments, the
extracellular organic matrix, bone cells and extracellular minerals (An and Martin, 2003). The
conventional function of bone is to act as a static support structure for organs that govern
the body’s movement (An and Martin, 2003). Cortical bone forms at sites of high load and is
therefore very dense, it provides support for locomotion and other motor functions.
Conversely trabecular bone is far less dense, forming the inner core of long bones and cranial

plates and being in closer contact with vascular spaces (Li et al., 2017a).

Whilst the conventional functions have long been known more recent studies have eluded
to a wider-ranging role for bone to help maintain the body’s homeostasis, these roles
(termed extraskeletal functions) include haematopoiesis, immune activity, energy
metabolism and brain function (Asada et al., 2015, Han et al., 2018). The extraskeletal

functions are mediated by bone-derived factors.

1.5.2. Structure

Bones are formed by the process of either endochondral or intermembranous ossification.
Flat bones (calvariae of the skull, mandible or maxilla) form by intramembranous ossification,
where MSCs differentiate directly into bone cells generating the bone ECM immediately
(Ralston, 2017). Alternatively other bone forms by endochondral ossification, here an initial
cartilage template forms before vascular tissue develops containing osteoprogenitor cells,
the cartilage is then replaced by mineralised tissue at the middle and ends of developing
bones. The growth plate (or epiphyseal plate), a thin layer of cartilage, is present throughout
childhood and regulates the growth of the bone, here chondrocytes divide in the
proliferation zone and migrate towards the centre of the bone where they enlarge and form
hypertrophic chondrocytes in the hypertrophic zone. The hypertrophic chondrocytes
subsequently die and the surrounding matrix calcifies before being removed by osteoclasts
and are replaced with mature bone, this process stops during puberty as hormones prevent

the chondrocyte cell division from occurring (Ralston, 2017).
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From the developing bone two main structural types form, the trabecular and cortical bone.
Woven bone is a third less common type which forms during development and at wound
sites but does not require a preliminary cartilage template and therefore forms quickly,
however this results in a weak structure that is replaced by cortical or trabecular bone
(Sommerfeldt and Rubin, 2001). Trabecular bone is made up of plates and rods which
generate a honeycomb structure (Fig.1.8) providing adequate structural support (Khurana,
2009).

Trabecular bone

Haversian canal

Volkmann canal

A

Cortical bone
Figure 1.8. Schematic of the interior of cortical and trabecular bone (Adapted from Whedon

Periosteum

and Heaney (2019)).

Bone marrow and blood vessels reside within the trabecular bone which has a lower calcium
content and greater water content than cortical bone, allowing trabecular bone to act as a
shock absorber that transfers the mechanical loads from the articular surface to the cortical
bone (Ott, 2018). Trabecular bone does not possess the same strength as cortical bone as it
is not as compact and dense. This more porous structure gives trabecular bone a much
greater surface area resulting in a higher turnover compared to cortical bone (Parfitt, 2002).
Cortical bone is composed of densely packed fibrils which form concentric lamellae that in
turn form cortical osteons. Between the lamellae reside the lacunae, here osteoblasts
become trapped within their secreted mineralised tissue and differentiate into less active
osteocytes (Sommerfeldt and Rubin, 2001, Clarke, 2008, Bilezikian et al., 2008, Bonewald

and Johnson, 2008). The cortical osteons make up the Haversian system which surrounds the
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Haversian canal. Blood vessels and nerves feature within the Haversian canal and through
connections form the Volkmann’s canals (Fig.1.8). It is via these connections that the
osteocytes communicate within the bone, utilising the canaliculi. Through these connections
the osteocytes acts as mechanosensors and help regulate the remodelling of the bone
(Florencio-Silva et al., 2015). The high density of cortical bone imbues it with high mechanical

strength and generates the protective functions of the tissue (Bilezikian et al., 2008).

1.5.2.1. ECM of Bone

The ECM of bone is, as with all tissue, a collection of components that each provide the tissue
with specific functions. Within bone the ECM provides mechanical stability, cell-cell
communication (Fan et al., 2014), acts as a repository for growth factors (ten Dijke and
Arthur, 2007, Zhu and Clark, 2014, Wang et al., 2008) and offers the driving force for
organogenesis (Sakai et al., 2003). Three main cell types reside within bone, the osteoblasts,
osteoclasts and osteocytes. The ECM of bone therefore needs to provide the appropriate
environment for these cell types to function efficiently. Bone is formed through the
deposition of calcium phosphate onto a collagenous matrix by the osteoblasts. The calcium
phosphate deposition is regulated through the crosslinking of the collagen fibres which is
provided by lysyl oxidase (LOX) (Wassen et al., 2000, Bailey et al., 1993). The density of the
bone is therefore regulated by the LOX-mediated intra/intermolecular covalent crosslinking
of collagen and elastin (Knott and Bailey, 1998). Transversely the density of bone can be
reduced via the activity of the osteoclasts. Here hydrogen ions and cathepsins/matrix
metalloproteinases (MMPs) are secreted into the ECM and result in bone reabsorption (Blair
et al., 1989, Vaananen et al., 2000, Oxlund et al., 1995). Bone homeostasis is therefore

achieved through appropriate osteoblast and osteoclast activity.

The ECM of bone is made up of organic (40%) and inorganic compounds (60%) (Lin et al.,
2020). The main inorganic compound is hydroxyapatite (Ca5(P0O4);0H) (Ramesh et al., 2018),
whilst the organic compounds are mainly collagen (90%) with small amounts of non-
collagenous proteins (10%). Hydroxyapatite is deposited during biomineralisation, this
process is controlled by interactions between matrix and minerals such as amino acids
present in non-collagenous proteins and sees hydroxyapatite deposited onto a collagenous

matrix (Fig.1.9) (Lin et al., 2020).
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Figure 1.9. Schematic of collagen | fibril with hydroxyapatite crystals occupying the gaps
generated by the staggered arrangement of the collagen triple helices (collagen green,

hydroxyapatite crystals yellow).

The non-collagenous proteins can be classified into four groups: y-carboxyglutamate-
containing proteins, proteoglycans, glycoproteins and small integrin-binding ligands N-linked
glycoproteins (SIBLINGs) (Paiva and Granjeiro, 2017). The y-carboxyglutamate-containing
proteins include osteocalcin which is specifically expressed by osteoblasts and contains three
Gla residues enabling osteocalcin to bind to calcium and regulate calcium metabolism by
mediating its association with hydroxyapatite (Mizokami et al., 2017). Periostin is mainly
secreted by osteoblasts in long bones (Wen et al., 2018) and is an adhesion molecule
required for collagen fibrillogenesis and to maintain bone strength (Wen 2018). Matrix Gla
protein (MGP) is synthesised by osteoblast, osteoclasts and chondrocytes and is involved in

inhibiting bone formation and mineralisation (Kaipatur et al., 2008).

SLPRs play a major role in the bone ECM by interacting with cell surface receptors and
cytokines to regulate normal and pathological cellular behaviour (Lin et al., 2020). Biglycan
and decorin are class | SLPRs and are both required for collagen fibrillogenesis and bone
formation (Moorehead et al., 2019, Coulson-Thomas et al., 2015). Biglycan is expressed
during cell proliferation and mineralisation whilst decorin is continuously expressed from the
initial bone matrix deposition (Lin et al., 2020). Keratocan, mainly expressed by osteoblasts,
promotes the mineral deposition rate and helps to regulate bone formation (Coulson-
Thomas et al.,, 2015). Asporin binds to collagen type | fibrils and promotes collagen

mineralisation (Kalamajski et al., 2009).

The glycoproteins include osteonectin, thrombospondin and r-spondins. Osteonectin is
highly expressed by osteoblasts and through binding to collagen and hydroxyapatite crystals
helps to regulate the release of calcium, therefore influencing the mineralisation of collagen
(Rosset and Bradshaw, 2016). The thrombospondin family comprises of TSP1 to TSP5, is
expressed by osteoblasts during bone development and has been shown to have an
involvement in cell differentiation and the maintenance of bone mass (Delany and
Hankenson, 2009, Hankenson et al., 2000). R-spondins are widely expressed throughout
bone formation and maintenance and can be split into four groups (Rspol-4) (Lin et al.,

2020). R-spondins reinforces the wingless-type MMTV integration site (Wnt)/B-catenin
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signalling pathway through leucine-rich repeat-containing G-protein-coupled receptors 4, 5,
and 6 (Lgr4/5/6) and therefore act as regulators for bone development and remodelling (Shi

etal.,, 2017).

Finally the SIBLINGs are found predominantly in mature bone and include bone sialoprotein
(BSP), osteopontin (OPN), dentin matrix protein-1 (DMP1) and matrix extracellular
phosphoglycoprotein (MEPE). BSP is required for osteoblast differentiation and initiation of
matrix mineralisation (Marinovich et al., 2016). Similarly OPN help to promote bone
formation, mineralisation and remodelling, during which OPN regulates osteoclastogenic
and osteoclast activity which contributes to bone formation and resorption (Singh et al.,
2018). DMP1 and MEPE are mainly expressed by fully differentiated osteoblasts and have
been show to regulate phosphate metabolism and matrix mineralisation (Zelenchuk et al.,

2015).

1.5.2.1.1. Collagens of Bone

The main organic component of bone is collagen, specifically collagen type | (accounting for
90% of the collagens). As with other tissue multiple types of collagen occur within the bones
ECM and all offer an important role to maintain the bones homeostasis throughout its life
cycle. The collagen matrix in bone is very dense, aiding the bones mechanical and structural
properties (Tzaphlidou, 2008). The other fibrillar collagens along with type | that occur in
bone are type Il, lll, V, Xl and XIV, the FACIT collagens are type IX, Xll and XIV whilst type VI
occurs as the microfibrillar collagen and type X as the Hexagonal network-forming collagen
(Tzaphlidou, 2005). The collagen type | arrangement in bone is not as uniformly distributed
as in tendon, though it does maintain a regular parallel pattern (Tzaphlidou, 2008). The
collagen type | fibrils form the classical banding pattern where gaps form due to the
staggered arrangement. In bone the collagen fibrils mineralise due to the formation of
hydroxyapatite crystals in the gap regions (Fig.1.9). These hydroxyapatite crystals grow and
interlink generating a interpenetrating organic-inorganic nanocomposite (Hansma et al.,
2006). Collagen type | does not itself induce the hydroxyapatite nucleation (Glimcher, 1989),
here other components of the ECM, such as osteonectin (Clarke, 2008), drive the process of

fibril mineralisation whilst the collagen I fibrils act as templates (Tomoaia and Pasca, 2015).

Collagen type lll occurs in small concentration in bone and similarly with tendon, is
associated with collagen type | fibrils. In bone collagen type lll has been shown to play a key
role in skeletal development especially in the growth acceleration of osteoblasts (Maehata

et al., 2007) and the preservation of osteogenic differentiated mesenchymal stem cells (Chen
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et al., 2007). Collagen type V appears to play a regulatory role for the collagen fibres forming
in the centre of the collagen | fibril bundles and working to organise the orientation and
diameter. This is achieved via the collagen V fibril extending to the surface of the collagen |
fibre, limiting the growth of the fibrils (Mak et al., 2016). A hybrid of collagen type V and XI
has been shown in the bone ECM with the triple helix structure of [a1(XI);]a2(V) (Niyibizi and
Eyre, 1994), demonstrating the shared regulatory role of collagen V and Xl in the bone ECM.
The fibril forming collagen, type XXIV appears in the developing bone’s ECM and has been
shown to represent a marker for osteoblast differentiation and bone formation (Wada et al.,
2006, Matsuo et al., 2008). Type XXIV is predominantly expressed in tissues containing type
I and V, though its biological role has not yet been elucidated (Karsdal, 2019, Misawa et al.,
2014).

Collagen type VI is a microfibril collagen and is located in the pericellular matrix (PCM). It is
particularly present in the PCM of chondrocytes and therefore is thought to aid in the
endochondral ossification of the growth plate (Alexopoulos et al., 2009). It has also been
shown to feature in the PCM of pre-osteoblasts migrating to bone-forming sites (lzu et al.,
2016). Due to the globular domain collagen VI interacts with multiple components of the
ECM (Chen et al., 2015, Doane et al., 1998, Howell and Doane, 1998) enabling cell-matrix
interactions and has been shown to interact with collagen Xl during the formation of bone

(lzu et al., 2016).

The FACIT collagens type Xll and XIV operate in bone in a similar way as in tendon. In dense
connective tissue both type Xl and XIV bind to collagen | fibrils via the collagenous domain
and helps to regulate the organisation of the fibril bundles through the large non-collagenous
arm and its interactions with other ECM components (Chiquet et al.,, 2014). The two
collagens have been shown to have temporal expression, with type XIV being expressed in a
few specific areas during embryonic development whilst type Xl is more widely expressed
and continues to be so throughout bone development (Walchli et al., 1994). Collagen Xl has
been previously shown to localise at bone-forming sites with collagen XII deficient mice
showing impaired osteoblast arrangement and therefore reduced bone mass and strength

(lzu et al., 2012).

Collagen type Il, IX, X and Xl are the characteristic collagens of cartilage and are covered in
more detail in section 1.6.2.1.1 of this chapter. Type X is produced by hypertrophic-
preossifying cartilage, therefore this collagen is highly expressed before endochondral

ossification. Collagen IX binds to surface of collagen Il fibrils, the major collagen fibrils found
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in cartilage. The collagen Il fibrils generate an appropriate environment for the chondrocytes
to operate and the growth plate to develop. Collagen IX offers an attachment site for other
components of the ECM (Pihlajamaa et al., 2004, Tillgren et al., 2009, Parsons et al., 2011).
Type Xl, like type V, forms fibrils in the core of the collagen Il fibres which extend to the
surface, the extension features a thrombospondin-like domain which works to maintain the
space and diameter of the collagen Il fibrils (Kadler et al., 2008). Collagen type X is secreted
into the ECM by hypertrophic chondrocytes, and in healthy tissue is localised to the calcifying
zone of the growth plate. The collagen X multimer assembles into a hexagonal lattice which
is thought to play a role in endochondral ossification by facilitating the process of
calcification and the normal distribution of matrix vesicles and proteoglycans (Kwan et al.,
1991, Chan et al., 1995, Kwan et al., 1997). Type X deficiency results in abnormal trabecular
bone production in mice (Kwan et al., 1997) and therefore appears to play a major role in
the transition between cartilage to bone, though its exact role is still yet to be determined

(Shen, 2005).

1.5.3. Cells of the Bone

Osteoclasts, osteoblasts and osteocytes are the main cells types found in bone and other
mineralised tissue. To achieve homeostasis all the cells types must work optimally, balancing

the deposition and reabsorption of the mineralised tissue.

Osteoblasts are the bone forming cells, are mononucleated and derived from mesenchymal
stem cells (MSCs) (Komori, 2006, Chen et al., 2016, Modder and Khosla, 2008, Liu et al.,
2009c). Osteoblasts generate bone through the synthesis and secretion of bone ECM
proteins which in turn enable the mineralisation of the ECM (Huang et al., 2007). The pre-
osteoblasts bind through integrins to vitronectin generating a monolayer linked by cadherins
(Schneider et al., 2001, Ferrari et al., 2000), the osteoblasts, once activated, then secret bone
ECM proteins in order to generate bone (Fig.1.10). The osteoblasts secret ectoproteins
including, tissue-nonspecific alkaline phosphatase (TNAP) which hydrolyses inorganic
pyrophosphate (PP; an inhibitor of hydroxyapatite formation) resulting in the production of
phosphate for the formation of hydroxyapatite, therefore playing a crucial role in the
mineralisation of the ECM (Moss et al., 1967, Majeska and Wuthier, 1975, Johnson et al.,
2000, Hessle et al., 2002, Murshed et al., 2005). Progressive ankylosis gene (ANK) exports
pyrophosphate generated intracellularly to the ECM and is primarily localised to the plasma
membrane (Hakim et al., 1984, Kanaujiya et al., 2018). A number of signalling pathways,

including TGF-B, BMP signalling, hedgehog (Hh), Wnt signalling, Notch and fibroblast growth
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factors (FGFs) are involved in the differentiation and function of pre-osteoblasts to mature
osteoblasts (Chen et al., 2016). Whilst the primary function of osteoblasts is the generation
and remodelling of bone, they also act as regulators of bone reabsorption through regulation
of osteoclast development. This is achieved through the secretion of macrophage-colony
stimulating factor (M-CSF) and receptor activator of nuclear factor- kp ligand (RANKL), both
essential in osteoclastgenesis (Suda et al., 1999) and the secretion of osteoprotegerin (OPG),
a decoy receptor for RANKL (Lacey et al., 1998). Once osteoblasts have completed their main
function they either undergo programmed cell death (apoptosis) (Jilka et al., 1998), become
bone lining cells (Manolagas, 2000)) or are entrapped within the mineralised matrix and

become osteocytes (Rodan and Martin, 1981) (Fig.1.10).
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Figure 1.10. Schematic of osteoblast to osteocyte cycle. Pre-osteoblasts form monolayer on
surface of bone, activated osteoblasts remodel bone and osteocyte become "trapped"
within self-generated mineralised tissue. Created with BioRender.com.Osteocytes are small
dendritic-like cells and are the most abundant cells in bone, accounting for 95% of cells in an
adult skeleton (Franz-Odendaal et al., 2006). Through long thin processes which run through
canals called canaliculi, osteocytes connect with other osteocytes and other cells on the
surface of the bone. The system of connecting processes is known as the lacuna canalicular
system and acts as a metabolic exchange which allows the osteocytes to sense and respond
to stimuli by regulating osteoblasts and osteoclasts via the release of soluble mediators
(Baud, 1968, Goldring, 2015). Osteocytes have been shown to respond to mechanical
stimulation through the production of RANKL and therefore to regulate osteoclast

differentiation in response to mechanical stimulus (Xiong et al., 2011).

Osteoclasts are a large multinucleated cell derived from haematopoietic stem cells that
reabsorb bone and occur as a much lower percentage of bone cells than osteoblasts and
osteocytes (Bilezikian et al., 2008). Osteoclast differentiation is dependent on two essential

cytokines, M-CSF and RANKL, both secreted by osteoblasts and osteocytes (Han et al., 2018).
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Osteoclast precursor cells interact with bone marrow stem cells via the RANKL and RANK
receptor whilst M-CSF interacts with colony stimulating factor 1 receptor (c-fms) stimulating
the proliferation and survival of the osteoclast precursor, motility and cytoplasmic spreading
of mature osteoclasts and induces expression of receptor activator of RANK (Insogna et al.,
1997, Arai et al., 1999, Teitelbaum and Ross, 2003). This results in the fusion of osteoclast
precursor cells into mature osteoclasts (Fig.1.11). The stimulation of the RANK pathway by

RANKL is negatively regulated by a decoy receptor, OPG which is expressed by osteoblasts

(Boyce and Xing, 2008).
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Figure 1.11. Schematic of osteoclast activation via RANK and c-fms receptors. Osteoblasts
and osteocytes regulate the maturation of osteoclasts through the expression of c-fms,

RANKL and OPG. Created with Biorender.

Osteoclasts work to reabsorb bone through degradation of the organic and inorganic phases
(Teitelbaum, 2000). This is only achieved when the osteoclasts have adhered to the surface
of the bone. Once adhered the osteoclasts begin the resorption process by first polarising.
This is achieved through the clustering of the integrin avpf3 at adhesive sites called
podosomes (Teitelbaum, 2000) (Fig.1.12). The podosomes enable osteoclast polarisation
and allows the cell to adhere and spread out on the mineralised surface, sealing the
osteoclast onto the bone. Bone reabsorption is achieved by the secretion of proteases
(mainly cathepsin K) which dissolve the underlying bone, releasing the minerals into the
extracellular space located in the sealed area under the osteoclasts ruffled plasmalemma
(ruffled boarder), and resulting in the osteoclasts sitting in cavities known as the Howship’s
lacuna (Holtrop and King, 1977, Chambers, 2000). The seal formed between the osteoclast

and the bone is made up of podosomes rich in filamentous actin (f-actin) which forms a ring
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adjacent to the ruffled boarder (Vaananen and Horton, 1995, Chellaiah et al., 2000). The low
pH in the Howship’s lacuna is generated by the active secretion of protons driven by the
activity of carbonic anhydrase Il (CAll) and the vacuolar H"-adenosine triphosphate (H*-
ATPase) pump, both located in intracellular vacuoles (Fig.1.12) (Baron et al., 1985, Blair et
al., 1989, Schlesinger et al., 1997, Vaananen et al., 2000). The pH within the osteoclast is
maintained by an energy dependent chloride/bicarbonate (ClI'/HCO5’) exchange (Teti et al.,
1989). The osteoclasts release hydrogen ions into the cavity resulting in a low pH which leads
to the acidification and solubilisation of the mineral phase of bone into Ca*, H3PO,, H,CO3
and H,O (Chatterjee et al., 1992), exposing the organic phase. The degraded mineral is
endocytosed by the osteoclasts and released into the ECM at the osteoclasts antiresorptive
surface (Salo et al., 1997, Stenbeck and Horton, 2004). The released product is again
degraded in secondary lysosomes, transcytosed and secreted via the secretory domain of

into the osteocyte microenvironment (Soysa and Alles, 2016).
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Figure 1.12. Schematic of osteoclast adhered to the surface of bone via integrin av33. Bone
reabsorption is achieved through the secretion of hydrochloric acid and cathepsin K,

producing an acidic environment within the Howship’s Lacuna. Created with BioRender.com.

1.5.4. Bone Tissue Engineering

Following fracture, bone usually takes between six and eight weeks to heal, this may be
delayed by the thickness of the cortical bone or unfavourable biological (e.g. osteoporosis)
and mechanical (e.g. excessive fracture movement) environments, additionally other
influences could result in delayed repair including age, alcohol, tobacco, steroid abuse,
infection, type | diabetes and nutrient deficiency (Kostenuik and Mirza, 2017). These
unfavourable factors may result in impaired fracture healing leading to delayed union or in

some cases non-union of the damaged bone. Poor healing of the bone presents the surgeon
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with challenges during operation due to the difficulty in re-routing and generating
appropriate healing of the structure. Bone grafts have been developed to improve the
treatment of impaired fracture repair with techniques including allografts and autografts.
Allografts, the implantation of a grafts source from a non-identical donor, have the
advantages of no morbidity of the donor site and unlimited use of the material, however this
method has a number of drawbacks including graft rejection, disease transmission and
potential loss of mechanical and cellular properties due to the sterilisation and storage
process (Sohn and Oh, 2019). The current gold standard is autografts, the transplantation of
tissue from one region of the body to another. This method is considered the gold standard
due to their established osteoinductive and osteoconductive properties whilst eliminating
any immune rejection (Perez et al., 2018). Whilst autografts appear as an ideal solution there
are some drawbacks: donor site morbidity, donor site muscle weakness and potential
surgical complications (though these are present for allografts also). Coupled with the initial
drawbacks, after 10 years of implantation up to 60% of both graft types have been shown to
fail to integrate resulting in non-union and late graft fracture (Soucacos et al., 2006). Tissue
engineering is emerging as an alternative methods to those currently being used to treat

damaged bones as well enabling in vitro research into diseases and drug responses.

There have been a number of cell types used for bone tissue engineering including
osteoblasts, however due to the difficulty of harvesting and expanding, studies have focused
more on osteo progenitor cells (Perez et al., 2018). MSCs have been the most widely used
cell type for bone tissue engineering, with different sources having varying potential as a
therapeutic option. Bone marrow derived MSCs have been shown to be more efficient at
differentiating into osteoblasts than adipose derived (Han et al., 2014). Adipose derived
MSCs do not demonstrating much success when directly grafted onto critical sized bone
defects (Peterson et al., 2005), however they have shown some promise as a potential
option. Cui et al. (2007) showed repair to a cranial bone defect in a canine model using
osteogenically differentiated adipose derived MSCs grafted onto a coral biomaterial whilst
in vivo studies have shown bone regeneration with adipose derived MSCs combined with
specialised biomaterials (Lendeckel et al., 2004, Mesimaki et al., 2009). In comparison bone
marrow derived MSCs have been shown to be successful when treated onto large bone
defects with complete fusion five to seven months post treatment and good integration with
no further fractures six to seven years after treatment (Marcacci et al., 2007). Similarly Kim
et al. (2009) showed accelerated fracture repair two months after treatment with osteogenic

differentiated bone marrow derived MSCs encased in fibrin. Whilst bone marrow derived
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MSCs show a lot of promise the main limitations arise from the cell harvesting from older
patients (Mareschi et al., 2006), donor site morbidity and reduced regenerative ability with
extended expansions (Both et al., 2011). Other MSC sources include dental pulp (Lindroos et
al., 2008, Kanafi et al., 2014), synovial membrane derived (De Bari et al., 2001, Sakaguchi et
al., 2005) and umbilical cord derived (Chen et al., 2013, Dilogo et al., 2017).

Both synthetic (Polycaprolactone (PCL)) and natural (fibrin, collagen) polymers have been
used for bone tissue engineering. PCL is the most heavily researched synthetic polymer for
bone tissue engineered due to its high permeability, thermal stability and aliphatic semi-
crystalline structure (Woodruff and Hutmacher, 2010). Calvert et al. (2000) showed that PCL
maintained its mechanical properties for up to 6 months before degrading over a 2 year
period. Natural polymers such as collagen and fibrin have been widely studied, but due to
the low mechanical strength of the structure they are not suitable as load bearing
replacement but more readily used as ‘glues’. Oh et al. (2014) found that fibrin is the superior
material for in vitro bone regeneration due to greater absorption of fibronectin, more
proliferation of large MC3T3-E1 pre-osteoblasts and increased osteoblast differentiation
shown by higher expression of Runx2, more alkaline phosphatase (ALP) production and
greater calcium deposition. Composite materials can be made by combining ceramics and
polymers, enabling control over degradation, improving mechanical strength and

biocompatibility.

During culture of the tissue engineered bone, growth factors, that are stored within the bone
in vivo, are added as supplements to the cell culture media, these include BMPs, FGF,
Platelet-derived growth factor (PDGF), TGF-B and insulin-like growth factor (IGF-1). Only two
growth factors are currently FDA approved, BMP-2 and BMP-7 (Cahill et al., 2015), though a
range have been shown to play an important role in osteogenesis, BMP-2, 4,5 ,6 and 7. A
randomised study in which 120 patients were treated with BMP-7/collagen constructs saw a
significant increase in bone union (86.7%) compared to the alternative therapy (68.3%)
(Calori et al., 2008). BMP-2 has been shown to not be essential during prenatal limb
formation but essential during postnatal fracture healing (Wang et al., 2011). BMP-2 has
been shown to increase the expression of collagen | and ALP when used to stimulate MC3T3
cells (Nohe et al., 2002). Further FGF-2 and IGF-1 have both been shown to increase the
expression of osteogenic differentiation genes Runx2 and CDH11, whilst BMP-2 and FGF-2
both increase the expression of WNT5A and LEF1 both of which are developmental genes
that regulate cell fate and patterning during embryogenesis (Robubi et al., 2014). TGF-$1 has

been shown to play an important role in the migration of MSCs to the sight of the defect

44



Chapter 1

whilst IGF-1 has been shown to be highly responsible for creating the osteogenic
environment in which the MSCs differentiate down the osteogenic lineage (Perez et al.,

2018).

Mechanical stimulation bioreactors have been used to further mimic the microenvironment
of bone for tissue engineering. Stretch based bioreactors effect the proliferation and ECM
production of osteoblasts, with low strain magnitudes (0.8%) having higher ALP production
and higher strain rates (3.2%) showing the highest production of collagen I, osteocalcin and
Runx2 (Zhu et al., 2008). Perfusion bioreactors have been utilised for bone tissue engineering
due to the size of the structure, static cultures have been found to be limited in size due to
the nutrient diffusion for the highly metabolic requirements of the bone cells (Grayson et al.,
2011). On top of the increased perfusion, this type of bioreactor system induces fluid shear
stress on the cells, therefore mechanically stimulating the cells in culture. The perfusion
bioreactors utilise a pump, a culture media revisor, a tubing circuit and cartridges, chamber
or columns that hold scaffolds (Martin et al., 2004, Chen and Hu, 2006, Yeatts and Fisher,
2011). When used to culture tissue, engineered bone studies have shown that ALP
production is increased compared to static culture (Goldstein et al., 2001, Gomes et al., 2003,
Wang et al., 2003b), further osteopontin has been shown to increase with flow perfusion
(Holtorf et al., 2005a, Holtorf et al., 2005b). Using perfusion systems has also shown the
production of a more uniform ECM compared to a static culture (Holtorf et al., 2005b,
Sikavitsas et al., 2005, Porter et al., 2007). Hydrostatic pressure bioreactors have been shown
to have varying effects on osteogenic development dependant on the frequency and the
amount of pressure applied to the cell culture. Stavenschi et al. (2018) found that the most
robust pro-osteogenic response was found with 300 kPa applied at 2 Hz , the highest
pressure applied at the highest frequency in this study, however low pressures (10 kPa) still

drove osteogenic lineage commitment.

Due to the diversity of potential solutions a greater understanding for bone tissue
engineering is required. This is currently being achieved through the trial and application of
different cells types including osteoblasts, bone marrow derived MSCs and adipose derived
MSCs. Additionally the culture of these cells is continuously being improved through the
addition of growth factors and mechanical stimulation environments used to mimic the
healthy bone environment. Through a combination of materials, cell types and culture
conditions, tissue engineered bone, in many different forms, will become a viable alternative

for bone regeneration.
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1.6. Cartilage

1.6.1. Function

There are three types of cartilage found in the human body, elastic, hyaline and fibrous each
exhibiting different functions as a result of the differing ECM which is optimal to the location
it is found in. Elastic cartilage is yellow in appearance, located in the outer ear and
predominantly feature elastin in the ECM making it the most pliable of the cartilage types
(Watkins, 2009). Fibrocartilage is located at tendon and ligament bone attachment sites and
features the highest amount of collagen type | in healthy cartilage, making it very tough and
strong (Benjamin and Ralphs, 2004). Hyaline cartilage is the most prevalent type of cartilage
in the body, the embryonic skeleton is composed of hyaline cartilage that undergoes
calcification to form bone. Hyaline cartilage is present in human adults at the end of ribs, in
the nose and at the end of long bones as articular cartilage, (Pollard et al., 2017). The primary
function of articular cartilage is the dissipation of mechanical loads (compressive (Eisenberg
and Grodzinsky, 1985), shear (Parsons and Black, 1979) and tensile loads (Korhonen and
Jurvelin, 2010)) from the bone by acting as a shock absorber and the facilitation of synovial
joints to articulate by providing a site of low friction (Hardingham, 2010). In the adult human
body articular cartilage can be expected to experience loads of 3.5 times the person’s
bodyweight at the knee, 3.3 times the bodyweight at the hip and 2.5 times at the ankle (Mow
et al., 1984). Due to the high loads that are applied to the articular cartilage, it is essential
that the biochemical and mechanical characteristics are maintained to allow for proper
function. Cartilage observes viscoelastic behaviour during loading that allows the force to be
appropriately absorbed. The structure of articular cartilage is vital for this (Boettcher et al.,

2016).

1.6.2. Structure

Cartilaginous tissue features a specialised ECM generated by chondrocytes, the sole
terminally differentiated cell within the structure. The precursor cell to the chondrocyte is
the chondroblast, which themselves are derived from mesenchymal cells. As the
chondroblasts generate the ECM they become separated from each other and become
embedded within cavities within the matrix known as lacunae. The chondroblasts then
terminally differentiate into chondrocytes. SRY-Box Transcription Factor 9 (Sox9) is essential
to MSC differentiation down the chondrogenic lineage. No other transcription factor has
been shown to effect chondrogenic cell fate as much as Sox9 (Lefebvre and Smits, 2005),

however other transcription factors from the Pax, Hox, forkhead-helix and homeodomain
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families have been shown to effect cell migration, proliferation, survival and condensation
(Mundlos and Olsen, 1997). Following Sox9 driven differentiation of MSCs into
chondroblasts, the cartilage ECM begins to develop. As this progresses the chondroblasts
differentiate into chondrocytes. Here the cells continue to express Sox9 along with L-Sox5
and Sox6. The chondrocytes feature large endoplasmic reticulum and a highly developed
Golgi apparatus required for extensive protein synthesis. The chondrocytes found within the
lacunae organise themselves into distinct populations derived from the same original

chondroblast referred to as isogenous groups (Armiento et al., 2019).

The structure of the different types of cartilage is different, though the composition is
similarly made up of ground substances (polysaccharides), fibrous proteins and interstitial
fluid (Armiento et al., 2019). Cartilage becomes avascular during maturation therefore
requires nutrition diffusion from surrounding tissue, such as the synovial fluid at the knee
joint. Elastic cartilage features a structure mainly composed of collagen type Il and elastin
fibres which form a dense structure orientated in multiple directions. There are a low
number of isogenous groups which feature large chondrocytes in between the fibres (Nielsen
and Bytzer, 1979). Fibrocartilage is located at the attachment site of dense connective tissue
such as tendon where it enables the tissue to resist compression thanks to the large number
of proteoglycans (Benjamin and Ralphs, 1998, Benjamin and Ralphs, 2004). The structure
resembles that of connective tissues, with thick densely-packed fibres and featuring the
highest concentration of collagen type | in cartilage with a low concentration of ground
substances (Armiento et al., 2019). The number of chondrocytes in fibrocartilage is lower
than in other cartilage types with the chondrocytes aligning with the thick collagen fibres
(Benjamin and Ralphs, 2004). Hyaline cartilage is the most common type of cartilage,
receives high loads throughout its life cycle and acts as the precursor to bone formation

during endochondral ossification.

1.6.2.1. ECM of Cartilage

Collagen type Il and aggrecan are the most abundant proteins in the ECM of hyaline cartilage.
The structure is highly regulated offering specific functional properties to the tissue. Water
is the primary component of hyaline cartilage, accounting for 70-80% of the wet weight. The
dry weight is mainly composed of collagen (50-75%) and proteoglycans (15-30%) (Darling
and Athanasiou, 2003). It is the combination of collagen and proteoglycans within the hyaline
cartilage structure that imbues it with the appropriate mechanical properties. SLRP are the

only type of proteoglycans present in hyaline cartilage, and are large macromolecules made
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up of a protein core with one or more polysaccharide chains (glycosaminoglycans (GAGs))
covalently attached. The chains can be made up of more than 100 monosaccharides and
extend out from the protein core and remain separated by charge repulsion (Sophia Fox et
al., 2009). The ECM of articular cartilage contains multiple proteoglycans including aggrecan,
decorin, biglycan and fibromodulin with aggrecan representing the most abundant and
largest structure. Aggrecan features more than 100 chondroitin sulfate and keratin sulfate
chains and interacts with hyaluronan via the N-terminal G1 domain whilst the C-terminal G3
domain binds to ECM molecules such as tenascins and fibulins to form large proteoglycan
aggregates which are stabilised by cartilage link proteins (Hardingham, 1979, Casscells,
1990). Through the development of these proteoglycan aggregates within the intrafibrillar
space, aggrecan generates a negative charge providing cartilage with osmotic properties that
draws water into the tissue which is crucial to the structures ability to withstand compressive
forces (Sophia Fox et al., 2009). SLRP class I-IV have been detected within the ECM of
cartilage (Aspberg, 2016). These include decorin and biglycan from class |. Both SLRP feature
chondroitin sulfate chains at the N-terminal (one chain in decorin, two chains in biglycan).
Decorin binds to collagen fibrils at the D period via its core protein and through its N-terminal
GAG (e.g. dermatan sulfate), decorin plays a role in fibril assembly in vitro , resulting in slower
fibrillar assembly (Yamaguchi et al., 1990, Ruhland et al., 2007). Similarly to decorin, biglycan
binds to collagen fibrils and is highly expressed in the pericellular matrix where it interacts
with collagen type VI, linking it with collagen type Il (Wiberg et al., 2001, Wiberg et al., 2002,
Wiberg et al., 2003). Biglycan has been shown to regulate innate immunity through
activation of TLR2 and TLR4 signalling, which may be involved in the inflammation of the joint
(Schaefer et al., 2005). The class Il proteoglycans include fibromodulin which features
tyrosine residues at the N-terminal. Fibromodulin binds to the gap region of fibril forming
collagens where it inhibits and therefore regulates the formation of fibrils (Hedbom and
Heinegard, 1989). Epiphycan is a class Il proteoglycan that fluctuates in expression
throughout the cartilage lifecycle. It is highly expressed in the growth plate and in developing
bones but expression in articular cartilage reduces with maturation (Onnerfjord et al., 2012).
The class IV SLRP chondroadherin has been shown to be involved in cell adhesion through
a2pB1 integrins (Haglund et al., 2013). Though proteoglycans are not the main component of
the cartilage ECM they provide vital functions as structural components, regulators of other
ECM proteins, regulators of growth factors and regulation of innate immunity ensuring the

tissue operates optimally.
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1.6.2.1.1. Collagens of Cartilage

The main component of mature hyaline cartilage ECM is collagen, specifically collagen type
Il accounting for more than 90% of the collagen content (Eyre, 2002). Other minor collagens
are required to ensure cartilage functions correctly, these minor collagens include type I, V,
VI, IX, X, XI and XII (Luo et al., 2017). Whilst collagen type Xll is expressed across a wide range
of tissue, especially those containing collagen type |, collagens Il, VI, IX, X and Xl are
predominantly localised to cartilage. The role of collagen type Il in cartilage is similar to that
of collagen type | in tendon as it is the primary fibre-forming collagen in healthy cartilage.
Collagen type Il therefore is the main structural component supplying tensile strength to the
ECM as well as a binding structure for other ECM proteins. The collagen type Il fibrils are
thinner than collagen type | fibrils. A reduction of collagen type Il in the ECM of hyaline
cartilage results in excessive production of collagen | and Ill, this can lead to diseases such as
osteoarthritis (Mundlos et al., 1996, Lorenz et al.,, 2014). Collagen type Il forms as a

homotrimer of three al(ll) chains encoded by the COL2A1 gene in humans.

Collagen VI is the sole member of the microfibrillar group and is formed through the
combination of six different alpha chains (a1-6(VI)) (Fitzgerald et al., 2008), which go through
a complex multistep process of intracellular assembly before secretion into the ECM (Knupp
et al., 2006). In cartilage collagen VI is primarily expressed in the chondrocyte pericellular
matrix (Keene et al., 1988). Whist the functional role of the pericellular matrix is still not fully
known (Grassel and Aszddi, 2016) it is hypothesised that due to it completely surrounding
chondrocytes within healthy cartilage it helps to regulate the biochemical, biophysical and
biomechanical signals that the cells receives (Guilak et al., 2006). The collagen VI fibrils
interact with hyaluronan (Kielty et al., 1992), decorin (Bidanset et al., 1992) and fibronectin
(Chang et al., 1997) to anchor the chondrocytes to the ECM (Sherwin et al., 1999). A study
by Wiberg et al. (2003) found that collagen VI binds to collagen Il fibres through biglycan
whilst other proteoglycans bind to the collagen VI scaffold. These proteoglycans help to
organise the collagen Il fibres which generates a healthy ECM, therefore the author
hypothesise that collagen VI acts as a scaffold to bring the regulatory proteoglycans into
close proximity with the collagen Il fibres. A deficiency in collagen VI has been shown to delay
cell differentiation and proliferation which subsequently leads to delayed and decreased
cartilage development, and spontaneous development of osteoarthritis (Alexopoulos et al.,

2009).
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Collagen Xl is distributed across multiple tissues however the triple helical composition is
specific to cartilage. In developing cartilage it is made up of al(Xl) and a2(Xl) and a third
chain, al(ll). In mature cartilage collagen XI forms in two distinct heterotrimeric molecules,
al(Xl)a2(XI)a3(XI) or the hybrid molecule al(Xl)a3(Xl)al(V). The function of this hybrid is
currently unknown. As the cartilage continues to mature the amount of a2(XI) in the collagen
XI fibrils decreases whilst al(V) increases (Wu et al., 2009). Type XI forms uniformly thin
fibrils which act as the basic structure for type Il fibrils in developing cartilage (Kadler et al.,
2008, Fernandes et al., 2007, Vaughan-Thomas et al., 2001) and resides in the core of
collagen Il fibres. Collagen XI features a thrombospondin-like domain which extends from
the core of the collagen Il fibres. It is thought that through the extension of this domain,
collagen Xl helps to regulate the spacing and diameter of the collagen Il fibrils as well as
inhibit lateral growth (Seet et al., 2017). In a study by Li et al. (2018) collagen XI has been
shown to have strong chondrogenic effects through the promotion of cell proliferation and

ECM production, specifically synthesis of collagen Il, SOX9 and aggrecan.

The FACIT collagens found within cartilage are type IX and XIl, with collagen IX being the
primary FACIT collagen found in hyaline cartilage accounting for 1% of the collagen content
(Martel-Pelletier et al., 2008). Whilst type Xll was initially thought to be absent in cartilage it
has been shown to occur in small quantities (Watt et al., 1992). Collagen IX assembles from
three alpha chains al(Xl), a2(XI) and a3(XI) and features a hinge-like globular non-
collagenous region at the N-terminal of the al chain (Shaw and Olsen, 1991). During
embryonic development collagen IX is widely distributed and binds to the collagen Il fibrils,
through interactions with other ECM components via the hinged N-terminal and alongside
the collagen Xl fibrils, collagen IX regulates the fibril orientation generating the appropriate
heterofibril network (Eyre et al., 2002). One of the key interactions collagen IX makes is with
cartilage oligomeric protein which influences the diameter of the type Il fibrils (Blumbach et
al., 2009). In mature hyaline cartilage collagen IX is present in specific regions of the tissue
rather than widely occurring (Hagg et al., 1998b). Collagen XI alpha chains consist of three
triple helix domains (COL1, COL2 and COL3) which are separated and flanked by non-
collagenous domains (NC-1, NC-2, NC-3 and NC-4), with the NC-4 domain only present on
the al chain and allowing for interactions with the ECM. The COL2 domain of the a3(XI) chain
covalently bonds to the N-telopeptide of the al(ll) chain and the COL2 (IX) domain of the
a2(XI) chain forms an intra-molecular covalent bond to the C-telopeptide of the al(ll) chain
(Diab et al., 1996). The NC-4 projection into the ECM is achieved via a kink between the COL2

and COL3 domains. Collagen Xll is highly distributed in the superficial zone of developing
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cartilage especially in areas of highly organised fibrils, suggesting that collagen Xll plays a role
in the development, alignment and stabilisation of the superficial zone of hyaline cartilage
(Gregory et al., 2001). Similarly to collagen XI, collagen Xl binds to the surface of collagen Il
fibrils and via a hinge in the structure the N-terminal domain extends into the ECM. Through
the extension collagen Xll has been shown to bind to decorin, fibromodulin (Font et al., 1996)

and COMP (Agarwal et al., 2012).

Collagen X is a member of the hexagonal network forming collagens and is primarily found
in the calcified zones of cartilage, this may be during endochondral ossification or in
calcifying regions of mature cartilage where it is seen as a marker for cartilage degeneration
(Boos et al., 1997). In healthy mature cartilage, collagen X should only account for around
1% of the total collagen content (Eyre, 2002). Collagen X is predominantly expressed in the
hypertrophic zone of cartilage. Here chondrocytes undergo hypertrophy and differentiate
into hypertrophic chondrocytes. During hypertrophic differentiation chondrocytes enlarge
by up to 20 fold, which also sees the development of a granular cell surface and protrusion
of numerous microvilli which release matrix vesicles required for matrix mineralisation
(Wuthier, 1988, Mackie et al., 2008). Sox9 continues to drive chondrocyte differentiation and
is expressed by early hypertrophic chondrocytes but expression ceases in late hypertrophic
chondrocytes (Zhao et al., 1997, Hattori et al., 2010). The reduction in the expression of Sox9
is mediated by the increased expression of osteogenic genes including Runx2, osterix,
osteopontin and bone sialoprotein (Komori, 2010). Runx2 promotes the expression of
collagen X and the maturation of hypertrophic chondrocytes (Wang et al., 2004, Stricker et
al.,, 2002). Furthermore, Runx2 induces the expression of VEGFA and MMP13. VEGFA is
required for the invasion of capillaries into the hypertrophic cartilage (Gerber et al., 1999,
Carlevaro et al., 2000, Zelzer et al., 2001), Mmp13 loosens the matrix of the hypertrophic
cartilage to allow the invasion of bone marrow sprouts (Inada et al., 2004). The hypertrophic
chondrocytes develop the required ECM for mineralisation and undergo apoptosis, laying a
cartilage template for bone formation (Shapiro et al., 2005). Whilst the role of collagen X is
still unknown (Shen, 2005) it is thought to play a major role in endochondral ossification
through the facilitation of calcification and the normal distribution of matrix vesicles and
proteoglycans at the growth plate, with deficiencies in collagen X, resulting in abnormal bone

development (Kwan et al., 1997).
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1.6.3. Cartilage Tissue Engineering

Defects to articular cartilage may result in significant pain and reduction in function of the
joint with long lasting treatment not currently available. This is a particular problem for
younger patients who may require repeat treatment to alleviate the symptoms, and the
inevitable development of osteoarthritis (Robertsson et al., 2007, Julin et al., 2010). There
are several surgical options for such defects; bone marrow stimulation treatment, direct
chondral replacement and cell-culture treatment (Fig.1.13). The most commonly used
technique is microfracture, a form of bone marrow stimulation, here micro pores are drilled
into the subchondral bone to allow blood and bone marrow to infiltrate, clot and stimulate
cartilage repair (Steadman et al.,, 1999). A less widely used technique, autologous
chondrocyte implantation (a cell-culture treatment), harvests cartilage from non/low weight
bearing regions, isolates and expands the chondrocytes, before re-implantation into the
defect (Brittberg et al., 1994). Mosaicplasty, a direct chondral replacement treatment (not
recommended for use on cartilage showing signs of osteoarthritis, rheumatoid arthritis,
infection or tumour growth), involves the extraction of cartilage plugs from non/low weight
bearing regions and implantation into the lesions (Hangody et al., 2004). The production of
fibrocartilage during repair and treatment is a major barrier in long term viability (Redman
et al., 2005) therefore new treatments are being pursued with 3D tissue engineering a
potential option (Francis et al., 2018). Similarly with bone and tendon tissue engineering,
MSCs have emerged as the most frequently used cell type for cartilage, partially due to the
range of sources and ease of culture in addition to the well-established ability for
chondrogenic differentiation (Rada et al., 2009, Ronziere et al., 2010). The most frequently
utilised MSC sources are bone marrow and adipose with adipose derived MSCs showing
more superior chondrogenic differentiation compared to bone marrow derived (Strioga et
al.,, 2012, Jang et al., 2015). Chondrocytes have also been utilised for cartilage tissue
engineering, though isolation from articulating surfaces is difficult therefore other regions
have been used including cartilage from the nose and ear as the chondrocytes from these
regions are easier to harvest and proliferate at a greater rate, it is unclear whether these
cells would produce the appropriate cartilage (Van Osch et al., 2004, El Sayed et al., 2010, El
Sayed et al., 2013, Lohan et al., 2014).
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Figure 1.13. Damaged cartilage repair techniques. (a) full thickness focal chondral lesion. (b)
debrided lesion. (c) The microfracture techniques for MSC repair from bone marrow. (d)
Autologus chondrocyte implant sealed with collagen glue. (e) Tissue engineered cartilage
plug generated from in vitro culture of chondrocytes in hydrogel and secured inplace with

fibrin glue. Adapted from (Makris et al., 2015).

For chondrogenic culture, specific growth factors are added to the culture medium in place
of foetal calf serum as the composition and concentration of the serum varies from batch to
batch, instead TGF-f and IGF are regularly added to the media to induce differentiation. TGF-
B is necessary for chondrogenic differentiation of MSCs and has been shown to inhibit
chondrogenic hypertrophy for at least seven weeks, though not entirely as the MSCs still
express hypertrophy-related genes including collagen type X, ALP, MMP13, VEGF, PTHR1 and
Runx2 (Mueller and Tuan, 2008, McCarthy et al., 2012, Giuliani et al., 2013). Other growth
factors have been shown to have differing effects on the differentiation and subsequent ECM
production of MSCs down the chondrogenic lineage, FGF-2 has been shown to prime MSCs
for chondrogenic differentiation through the increased expression of Sox9 and formation of
chondrogenic specific ECM (Solchaga et al., 2005, Solchaga et al., 2010, Hagmann et al., 2013,
Somoza et al., 2014). BMPs have been shown to play a major role in endochondral bone
formation driving cells along the osteochondral pathway (O'Connor et al., 2000). BMP-1 and
2 have been found to upregulate proteoglycan and collagen expression from chondrocytes
(O'Connor et al., 2000, Pecina et al., 2002, Gooch et al., 2002, Valcourt et al., 2002), BMP-7
inhibited collagen | formation and fibroblast infiltration in vivo (Kaps et al., 2002) and
treatment with BMP-12 and 13 has shown increased production of GAGs, though this was
less so than BMP-12 (Gooch et al., 2002). However BMP-4 has shown an increase in bone
formation, suggesting that the type of BMP is important to maintain the desired lineage

(Pecina et al., 2002, Luyten et al., 1992), a study by Kuroda et al. (2006) showed that BMP-4
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enhanced chondrogenesis and significantly improved articular cartilage repair in rats,
suggesting that further work is required to fully evaluate the role BMPs can play in the

controlled differentiation of MSCs to chondrocytes.

A number of different types of bioreactors have been used to mimic the cartilage in vivo
environment for in vitro experiments, this includes hydrostatic pressure, compression and
shear bioreactors. Compression bioreactors are regularly used for tissue engineering
cartilage to replicate the compressive forces applied to the articular cartilage of the knee
joint, these loads are typically in the range of 0.5-7.7 MPa (Afoke et al., 1987, Mow and
Wang, 1999, von Eisenhart et al., 1999), with the average deformation of the articular
cartilage being 13% of its initial thickness (Chung and Burdick, 2008). Cyclic compression has
been shown to increase the Young’s modulus of the constructs whilst also increasing the
production of cartilage oligomeric matrix protein and collagen type Il and IX (Ng et al., 2009).
The frequency at which the compression is applied at can help drive the differentiation, with
low frequency (1 Hz) causing MSCs to differentiate down the chondrogenic lineage and high
frequencies (100 Hz) resulting in osteogenic differentiation (Cashion et al., 2014). Many
groups have seen increases in cartilage specific matrix components such as collagen Il, GAGs
and aggrecan (Nebelung et al., 2011, Correia et al., 2016, Gharravi et al., 2012, Gharravi et
al., 2016), however direct compression does have disadvantages; the applied pressure is not
uniform with the highest pressure being seen at the centre of the sample, the transfer of
nutrients and waste across the sample is limited with the centre receiving very little and

storing a high amount of waste production (Li et al., 2017b).

Hydrostatic pressure bioreactors look to mimic the hydrostatic forces sensed by the cartilage
in vivo, here under the applied force the fluid flows out of the cartilage and into the joint
space, however this is controlled by the small effective pore size of the cartilage preventing
rapid fluid flow. This results in the pressure increasing with each cycle of pressure applied
and is thought to be applied at 7-10 MPa (Stockwell, 1971, Hall et al., 1996). The application
of the hydrostatic pressure can have varying effects on the cellular response, Smith et al.
(1996) found that a monolayer of articular chondrocytes exposed to cyclic 10 MPa
hydrostatic pressure at 1 Hz for four hours increased the expression of collagen Il and
aggrecan whilst the static loaded group saw a decrease in collagen Il expression. The positive
effects of hydrostatic pressure are also seen in 3D culture, Kawanishi et al. (2007) showed
that chondrocytes cultured in pellet culture and loaded with 5 MPa at 0.5 Hz see a 4 fold
increase in collagen Il and a 5 fold increase in aggrecan gene expression compared to the

non-loaded controls. Further, differentiation genes have shown significant increases within
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cyclic hydrostatic pressure environments,. Sakao et al. (2008) saw significant increase in the
expression of Sox9 and collagen Il by synovium derived MSCs cultured in hydrostatic

pressure.

Shear stress is seen in cartilage during the loading and unloading phase (Wang and Peng,
2015), and has been shown to affect chondrocytes though changes in membrane potential,
solute transport or cellular deformation (Sharifi and Gharravi, 2019). A number of studies
have shown positive changes in the chondrogenic gene production and ECM development
with shear bioreactors (Waldman et al., 2003, Frank et al., 2000, Jin et al., 2003, Jin et al.,
2001), while Cochis et al. (2017) used a shear-compression bioreactor that enabled the two
stimuli to act simultaneously, here they saw significant chondrogenesis in the stimulated
group compared to the non-stimulated group. Certain types of fluid shear bioreactors and
microgravity bioreactors work in a similar way, the constructs are cultured within a vessel

and shear in applied through either the rotation of the vessel itself or the rotation of a mixer.

Due to the long lasting impairment seen at damaged cartilage, the use of grafts from healthy
locations on the patient’s body is not an ideal solution as the graft site will likely remain
impaired for the remainder of their life. Tissue engineering offers the option to source pre-
chondrogenic cells from a self-replenishing site, such as adipogenic tissue, and culture the
graft artificially. similarly to bone, different damage types seen on cartilage require different
procedures to repair. A range of materials with different properties (mechanical and
chemical) are therefore required to successfully restore the cartilage, however one of the
current issues with cartilage tissue engineering is the progression of the chondrocytes
towards hypertrophy. Recent studies have suggested that different growth factors and
chemical supplements may be able to dictate the cellular fate, whilst others point towards a
combined mechanical stimulation approach. It is clear that only by better re-creating the
healthy native chondrogenic environment, both chemically and mechanically, will more
successful tissue engineering cartilage be generated, this will most likely require a
combination of the chemical supplements and the mechanical environments supplied by

bioreactors.
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1.7. Collagen

To date there are known to be at least 28 different types of collagen and as outlined in
section 1.4, 1.5 and 1.6 the different types of collagen feature in varying proportions in
different tissue types. Each collagen type exhibits a specific characteristic that enables the
tissue it features in to perform appropriately (Kadler et al., 2007, Gordon and Hahn, 2010,
Ricard-Blum, 2011, Johnstone, 2000). There is potential to use the collagens found in specific
musculoskeletal tissues as a marker for the quality of tissue engineered tissue, this is
currently not being fully utilised as most studies focus on the major collagen type of the
tissue or a type specific to the study. By investigating the complete collagen composition the
researcher can establish the developmental stage of the tissue, infer the phenotype of the

cells and determine what tissue has been generated within the study.

Collagen is the most abundant structural protein found in vertebrates (Landis and Jacquet,
2013). In humans, collagen is known to comprise of one-third of the total protein and is the
most prevalent component of the extracellular matrix (ECM) (Shoulders and Raines, 2009).
In some tissues, such as tendon and the organic components of bone, collagen potentially
accounts for more than 90% of the structure (Friess, 1998). Whilst being present across a
wide variety of tissues, collagen has not been detected in a small number, these include the
nail plate and hair shaft (Lee et al., 2006, Rice, 2011). Each collagen type exists within a
subcategory of fibrillar or non-fibrillar collagen, with the non-fibrillar having further
subcategories: fibril associated collagen with interrupted triple helix (FACIT), hexagonal
network-forming, basement membrane, microfibrillar, anchoring fibrils, membrane
associated collagen with interrupted triple helix (MACIT) and multiplexins (van Huizen et al.,

2019). Table 1.1 lists the different collagen types and the subcategory they fall into.

Changes in collagen composition within a particular tissue can be a result of development,
degradation and regeneration. The cells found within the tissue will naturally turn over the
proteins within the ECM to ensure the tissue health and homeostasis, and an imbalance to

this protein turnover may result in an impaired function of the tissue (Karsdal et al., 2017).
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Table 1.1. Table of collagen types and the associated category, adapted from Canty and Kadler (2005) and van Huizen et al. (2019).

Type Human Genes Category Triple helix composition Tissue distribution References
(Myers et al.,
| COL1A1, COL1A2 Fibril-forming [a1(1)]2, a2(1) Fibrils in tendon, ligament, bone, skin, cornea and blood vessel walls 1981, Chu et al.,
1982)
(Miller and
Il COL2A1 Fibril-forming [a1()]s Fibrils in Cartilage
Matukas, 1969)
(Cameron et al.,
11 COL3A1 Fibril-forming [a1(I)]3 Forms heterotypic fibrils with type |
2002)
[a1(IV)]2, a2(IV)
COL4A1, COL4A2, (Timpl et al.,
[\ COL4A3, COL4A4, Basement membrane a3(IV), a4(lv), a5(1v) Basement membranes 1981, Timpl and
COL4A5, COL4A6 Brown, 1996)
[a5(IV)]2, a6(1V)
[al(V)]s
COL5A1, COL5A2,
\ Fibril-forming al(V)]2, a2(V) Forms heterotypic fibrils with type | (Birk, 2001)
COL5A3
al(V), a2(V), a3(V)
1(VI), a2(V1), a3(VI )
COL6AL, COL6A2, al{Vi), a2(V1), a3(vi) (Kielty et al.,
Vi Microfibrillar Fine microfibrils with ubiquitous distribution
COL6A3, COL6A4 1992)

al(Vl), a2(Vl), a4(VI)
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1
[l (Vi) (Keene et al.,
Vi COL7A1, COL7A2 Anchoring fibrils Forms anchoring fibrils in skin at the dermal/epidermal junction
1
[al(VIl)]2, a2(VII) 987)
[a1(VIN)]s (Kapoor et al.,

1986, Kapoor et
[a2(VINN)]3

VI COL8A1, COL8A2 Hexagonal network-forming 3D hexagonal lattice is Descemet’s membrane in the eye al., 1988,
Stephan et al.,
[ad(VII)]z, @2(VIN) 2004)
(Olsen, 1997,
IX COL9A1, COL9A2 FACIT al(IX), a2(IX), a3(IX) Associated with type Il Shimokomaki et
al., 1990)
(Kwan et al.,
X COL10A1 Hexagonal network-forming [a1(X)]s Hexagonal lattice in the hypertrophic cone of the growth plate |
1991
COL11A1, (Mendler et al.,
XI Fibril-forming al(XI), a2(XI), a3(XI) Forms heterotypic fibrils with type Il
COL11A2, COL11A3 1989)
(Keene et al.,
Xl COL12A1 FACIT [a1(XI1)]3 Associated with type | 1991, Nishiyama
etal., 1994)
(Latvanlehto et
Xl COL13A1 MACIT [a1(XII)]3 Transmembrane and possibly involved with cell adhesion

al., 2003)
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XV

XV

XVI

XV

XVl

XIX

XX

XXI

XXl

COL14A1

COL15A1

COL16A1

COL17A1

COL18A1

COL19A1

COL20A1

COL21A1

COL22A1

FACIT

Multiplexins

FACIT

MACIT

Multiplexins

FACIT

FACIT

FACIT

FACIT

[@1(XIV)]s

[a1(XV)]s

[a1(XVI)]s

[a1(XVI)]s

[a1(XVIII)]3

[a1(XIX)]s

[a1(XX)]s

[a1(XX1)]s

[a1(XXI1)]3

Associated with type |

Specialised basement membrane, cleaved to produce antiangiogenic fragments

(restin)

Components of specialised fibrillin-rich microfibrils in skin and type Il collagen

fibrils in cartilage

Transmembrane component of hemidesmosomes (cell-cell junction), which

attach epidermis to basement membrane in skin

Cleaved to produce antiangiogenic fragment (endostatin)

Radially distributed aggregates formed by association at one end in vitro

Associated with type |

Fibril associated, widespread expression pattern

Located in specific tissue junctions and may be associated with microfibrils

(Young et al.,
2000, Young et
al., 2002)

(Myers et al.,
1996,
Ramchandran et

al., 1999)

(Kassner et al.,

2003)

(Hopkinson et

al., 1998)

(Sasaki et al.,

1998)

(Myers et al.,
2003)

(Koch et al.,
2001)

(Fitzgerald and
Bateman, 2001)

(Koch et al.,
2004)
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XXHi

XXIV

XXV

XXVI

XXVII

XXVl

COL23A1

COL24A1

COL25A1

COL26A1

COL27A1

COL28A1

MACIT

Fibril-forming

MACIT

FACIT

Fibril-forming

Multiplexins

[a1(XXII)]s

[a1(XXIV)]3

[a1(XXV)]s

[a1(XXVI)]3

[a1(XXVII)]s

[a1(XXVIN)]3

Transmembrane collagen identified in cell culture

Associated with type |

Transmembrane collagen, cleaved from present in Alzheimer’s amyloid plaques in

neurons

Expressed in testis and ovary of adult tissue

Widespread expression in cartilage

Beaded filament forming

(Banyard et al.,
2003)

(Koch et al.,
2003)

(Hashimoto et

al., 2002)

(Sato et al.,
2002)

(Boot-Handford
et al., 2003, Pace
etal., 2003)

(Veit et al., 2006)
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1.7.1. Collagen Types — Structure and Function

All collagen types share a structural motif that has become the hallmark of the protein: the
collagen triple helix (Fig.1.14). The triple helix structure is composed of three parallel
polypeptide strands in a left-handed helical conformation coil with a one-residue stagger to
form a right-handed triple helix (Shoulders and Raines, 2009). Each left handed helix is one

of three procollagen alpha chains that compose the triple helix.
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Figure 1.14. Schematic of the collagen triple helix showing the Gly-X-Y sequence within the
left handed triple helices. The three left-handed triple helices (either three different alpha
chains, two different alpha chains or one alpha chain) wind together and pack tightly at the
Gly residues generating the right handed triple helix. Adapted from Fidler et al. (2018).

Created with BioRender.com.

Every third residue within the triple helix is Glycine (Gly) due to the tight packing of the
helices. This results in a repeating Gly-X-Y sequence, where X and Y can be any amino acid
but are most often proline (Pro) and hydroxyproline (Hyp) respectively. Therefore the most
common sequence is ProHypGly accounting for 10.5% of all triples (Ramshaw et al., 1998).
The number of triple helices found in each collagen varies from type to type; in some less
common types of collagen the triple helical domain accounts for less than 10% of the amino
acids in the mature protein whilst the mature forms of fibrillar collagens are formed of
essentially a long triple helix made up of over 1000 amino acids (Ricard-Blum, 2011). The
primary structure of the collagen type varies across all alpha chains. The triple helix structure

features across the collagen superfamily with every member containing at least one triple-
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helical domain. The collagens also contain nontriple-helical domains which act as building
blocks with the other ECM protein. The structure of the collagen alpha chains is depicted in

Fig.1.15.

In the triple-helical domains the three alpha chains supercoil around each other to form the
right handed triple helix with the adjacent alpha chains linked together by a intermolecular
backbone of N-H---O=C hydrogen bonds. To form the triple helix two structural events must
occur: the three chain must form in a staggered arrangement with one residue rising in the
direction of the helical axis approximately 0.29 nm in relation to the next residue, and every
third residue in the strand must be placed near the common helical axis due to the close
packing of the three chains. This packing is achieved by the repetitive Gly-X-Y sequence
where the smallest amino acid (Gly) occurs in this position (Bella, 2016), and correct

alignment during in-cell synthesis of the collagen structures.

The amino acids located in the X and Y positions of the alpha chain sequence are most
commonly Pro or Hyp (Ramshaw et al., 1998). This leads to a reduction in the entropic cost
for collagen folding as the abundance of the Pro and Hyp residues pre-organises the helical
conformation in the unfolded state and primes it for the folded state (Cram, 1988). However,
the presence of Pro results in some detrimental effects to the triple helix folding and stability.
All peptide bonds in collagen are trans, however Pro has a secondary amino group which
forms tertiary amides within a protein resulting in a population of both trans and cis isomers.
Before a sequence featuring Pro can form into a triple helix all cis peptide bonds must
isomerize to trans peptide bonds (Kersteen and Raines, 2001). Isomerisation of cis to trans
bonds in the unfolded alpha-chains acts as a rate-limiting step for triple helix formation
(Bachinger et al., 1978, Bachinger et al., 1980, Bruckner and Eikenberry, 1984, Bachinger,
1987). The isomerisation is catalysed by the peptidyl prolyl cis-trans isomerases (PPlase) of
which three PPlase families exist in the cell: cyclophilins, FK506 binding proteins (FKBP) and

parvulins (Ishikawa and Bachinger, 2013).

The presence of hydroxylated proline in the Y position dramatically increases the thermal
stability of the triple helix; for example a (ProProGly)io sequence has a melt temperature of
31-41°C whilst a (ProHypGly)io sequence has a melt temperature of 61-69°C (Holmgren et
al., 1999). If the Hyp features in the X position ((HypProGly)io) no helix will form (Inouye et
al., 1976). These results led to the hypothesis that the 4R configuration of a prolyl hydroxyl
group is the sole contributor to water mediated hydrogen bonds that ensure the stable

folding of the triple helix.
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Figure 1.15. Schematic of collagen a-chain primary structures and functional domains.

Adapted from Karsdal (2019)
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The frequency of Hyp in most natural collagen is too low to support the extensive network
of water bridges (Shoulders and Raines, 2009). This hypothesis was further tested by
replacing the Hyp residue with (2S,4R)-4—fluoroproline (Flp) generating a sequence of
(ProFlpGly)1o. Fluoro groups do not form strong hydrogen bonds, however the (ProFlpGly)io
sequence generated a hyperstable triple helix (melt temperature of 91°C) therefore water
bridges cannot be fundamental to the stability of the triple helix (Holmgren et al., 1999).
Further work by Bretscher et al. (2001) replaced the Hyp with (2S,4S)-4—fluoroproline (flp) a
diastereomer of Flp, which resulted in the triple helix not forming. This highlighted that the
stereochemistry of electronegative substituents at the 4-position of the Pro ring are
important in the stability of the triple helix and therefore the residue in the Y position
stabilises the triple helix via a stereo-electronic effect. The stereo-electronic effect is due to
the preference of the residue to one of two major pyrrolidine ring puckers (C'-exo and CY-
endo). Hyp and Flp cause an imposition of a C'-exo pucker on the pyrrolidine ring via the
gauche effect resulting in the pre-organisation of the main chain angle to the residue in the
Y position of the triple helix, therefore stabilising the triple helix (DeRider et al., 2002). This
has been further supported by insertion of (2S,4R)-4-chloroproline (Clp) in the Y position
which resulted in a stable triple helix (melt temperature of 52°C (Shoulders et al., 2008)), Clp
like Flp and Hyp has a strong preference for the C'-exo ring pucker supporting the hypothesis

that the triple helix is stabilised by a stereo-electronic effect.

1.7.1.1. Fibril Forming Collagens

Whilst the hallmark of the collagen structure is the triple helix motif, the overall structure of
the different collagen types changes dramatically between each subcategory (Fig.1.15). Due
to the abundance of collagen type |, fibril forming collagens occur the most frequently across
vertebrates. The fibril forming collagens are rod-like with a large triple helical domain made
of approximately 1000 amino acids per polypeptide chains. The non-collagenous domains
are composed of a specific C-terminal and a variant dependant N-terminal which is either
completely or partially removed during collagen processing (Bella and Hulmes, 2017). To
form fibrils, these collagen triple helices arrange into longitudinally staggered arrays of
molecules which generate the distinct banding pattern known as the D-period (Fig.1.16) (Birk
and Bruckner, 2005), these staggered molecules are held together and stabilised by covalent
intramolecular cross-links (Barnard et al., 1987, Bailey, 2001, Magnusson et al., 2003). The
collagen molecules are themselves approximately 300 nm long with a width of 1.5 nm, these

molecules are then staggered with respect to the neighbouring collagen molecule at a fixed
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length equal to multiple of the size of the D-period (Hodge and Schmitt, 1960, Kadler et al.,
1996, Christiansen et al., 2000, Zhao et al., 2011b).
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Figure 1.16. Schematic of fibrillar forming collagen triple helices arranged in staggered
pattern. The staggered patter generates the D-period banding patter seen on collagen fibrils
due to the presence of gaps and overlays in the network. TEM images taken from section

4.4.7. Collagen drawings created with BioRender.com.

Collagen types |, 11, lll, V, XI, XXIV and XXVII make up the fibril forming collagen subgroup
where types |, Il and Il are the major fibril forming collagens, type V and XI the minor fibril
forming collagens and types XXIV and XXVII functions are still being investigated (Bella and
Hulmes, 2017). The different types of fibril forming collagens are located across connective
tissues with type | appearing in tendon, bone and skin, type Il predominantly in cartilage, and
type lll (along with type I) forming the main structural component in the blood vessel. The
main fibril forming collagens imbue the tissue with the required mechanical properties to
ensure the appropriate function, whilst the minor fibril forming collagens act as regulatory
proteins for the major fibril forming collagens helping to maintain the fibril diameter and
orientation. It is therefore incorrect to consider a collagen fibre to be composed of one
collagen type, as whilst the fibre may predominantly feature one fibril forming collagen,
other fibril forming collagens are required to ensure the tissue functions correctly (Bella and
Hulmes, 2017). The percentage of the different fibril forming collagens found in specific
tissues varies between tissue function, development, ageing, disease and regeneration

(Ricard-Blum, 2011, Mienaltowski and Birk, 2014).
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1.7.1.2. FACIT Collagens

Whilst the fibril forming collagens possess a long triple helix domain, the FACIT collagens
contain short triple helical domains (200 amino acids in collagen IX (Von der Mark, 2006))
interspersed with non-helical domains (the interrupted helix). These interruptions give the
collagen specific properties required in the tissue it resides in, which may result in
intramolecular flexibility or specific proteolytic cleavage (Gelse et al.,, 2003). The FACIT
collagens do not form fibrils as the fibril forming collagens do, but instead, bind to specific
regions on the fibril forming collagens (Fig.1.17) which leads to altered surface properties
and assembly of the fibrils (Birk and Briickner, 2011). FACIT collagens form covalent lysine-
derived crosslinks to the N-telopeptide of the fibril forming collagen. The NC3 domain
features a hinge which allows a large N-terminal domain to ‘reach out’ from the fibril where

it interacts with other matrix components (Vaughan et al., 1988).

Figure 1.17. Schematic of ACIT collagensttaced to surfae of a collagen briI, tie hei
interruptions are displayed as red circles whilst the globular N-terminal domain is shown as
an orange oval (A). Rotary-shadowed images of type Il collagen fibril with type IX (FACIT)
collagen molecules attached to the surface. White arrows indicate type IX. Scale bar=100nm

(B), adapted from Vaughan et al. (1988). Created with BioRender.com.
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1.7.1.3. Basement Membrane Collagen

Collagen type IV is the only collagen to make up the basement membrane sub category.
There are six alpha chains that combine to generate the collagen IV triple helix. The
combination of the six different alpha chains depends on the tissue the collagen is located
in, for example al(1V) [a2(IV)]; is found in the liver, whilst a3(IV) a4(IV) a5(1V) is found in
the kidney, lung and neuromuscular junction (Miner, 2011). As with all collagen types the
structure is composed of a triple helix with non-collagenous domains at either end of the
helix. The triple helix is a long chain (approximately 1400 amino acids) with 21-26 short non-
collagenous interruption giving the structure flexibility (Khoshnoodi et al., 2008). The ends
of the triple helix are composed of a short N-terminal non-collagenous 7S domain and a C-
terminal globular non-collagenous domain, both of which are required for collagen IV
network formation (LeBleu et al., 2007). Once the triple helix is formed, two collagen IV
monomers associate via the C-terminal trimers forming a dimer. Four protomers then form
cross links at the N-terminal 7S region forming the collagen IV tetramer. As more and more
protomers bind a polygonal lattice forms generating the basement membrane network to
which other basement membrane molecules such as Laminins bind (Fig.1.18) (Mak and Mei,

2017).
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Figure 1.18. Schematic of the collagen basement membrane subcategory. The collagen

forms as the protomer before associating with a second collagen IV protomer at the C-
terminal (the dimer). The dimers then associate with other dimers via the 7S domain forming

a tetramer which then proceed to form the polygonal lattice. Created with BioRender.com.

67



Chapter 1

1.7.1.4. Hexagonal Networking Forming Collagen

There are two hexagonal network forming collagens; type VIII and type X, and this
subcategory is sometimes combined with collagen type IV as the network forming collagens.
Both are short chain collagens which form hexagonal lattices within the tissue (Fig.1.19).
Type VI collagen is found predominantly in the Descemet’s membrane, the basement
membrane that separates the corneal endothelial cells from the stroma. Type X is secreted
by hypertrophic chondrocytes during endochondral bone formation (Sutmuller et al., 1997).
The triple helical domain of both type VIIl and X collagens features eight imperfections in the
Gly-X-Y repeat (Knupp and Squire, 2003). Type VIII molecules bind to form four molecule
tetrahedrons which subsequently bind laterally with multiple tetrahedrons to generate the
hexagonal lattice (Hansen et al., 2019). Collagen type X generates a hexagonal lattice
structure by forming multiple hexagonal multimers through the non-collagenous globular
NC1 domain, which then associate by interaction between juxtaposed triple helix domains

(Chan et al., 1995).

i

Type VIII # Type X
{

Figure 1.19. Schematic of collagen type VIII and X hexagonal lattices. Created with

BioRender.com.

1.7.1.5. Microfibrillar Collagens

Similarly with the basement membrane collagen, the microfibrillar collagen is made up of
one collagen type (VI) which has six different alpha chains. Initially the al, a2 and a3 were
thought to be the only chains, subsequently the a4, a5 and a6 chains were discovered in
2008, these chains are homologous to a3 (Fitzgerald et al., 2008, Gara et al., 2008, Fitzgerald
etal., 2013). The a4 chain is not present in humans due to a chromosome inversion rendering

the COL6A4 gene non-functional (Gara et al., 2008). Similarly to type IV, the alpha chains
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form the triple helix in different combinations in different tissues (Sabatelli et al., 2011). The
microfibrillar collagen is found across a variety of tissues including the lung, blood vessels
and cartilage (Kuo et al., 1997) and is located near the basement membrane. The
microfibrillar structure contains many binding sites for basement membrane proteins such
as collagen type 1V, decorin, fibronectin and integrin (Kuo et al., 1997, Bidanset et al., 1992,
Carter, 1982, Fitzgerald et al., 2008). Each alpha chain contains a short collagenous region
with globular regions at both the N- and C-termini (Baldock et al., 2003). The al and a2
chains contain one N-terminal subdomain and two C-terminal subdomain which are
homologous to type A domains of von Willebrand factor (vWF-A). The a3 chain, and
therefore the a4, a5 and a6 chains, are much longer than the al and a2 chains, containing
10 N-terminal subdomains and five C-terminal subdomains including two vWF-A like
domains (Lamande et al.,, 2006). The structure forms intracellularly by two monomers
associating in an antiparallel fashion to generate a dimer. Tetramers then form by two dimers
arranging in a side-by-side alignment. The tetramers are then secreted into the ECM and
form a microfibril via end-to-end association through non-covalent bonds with other

tetramers (Fig.1.20) (Sun et al., 2019).
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Figure 1.20. Schematic of microfibril collagen production. Within the cell monomers are
generated, two monomers then bind to form a dimer. The dimer then undergoes further
translation and two bind to form a tetramer. The tetramer is secreted from the cell and binds
to other tetramers via non-covalent bonds to form the microfibril. Created with

BioRender.com.
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1.7.1.6. Anchoring Collagen

Collagen type VIl is the only collagen found in the anchoring collagens subcategory. The triple
helix is a homotrimer composed of three al chains. The anchoring collagen consists of a
central collagenous domain flanked by the non-collagenous N- and C-terminal. The
collagenous domain is made up of a long triple helix (1530 amino acids) with 19
imperfections offering the collagen structure flexibility (Christiano et al., 1994b). The most
notable feature of the anchoring collagen is the non-collagenous ‘hinge’ region, located in
the middle of the tripe helix, which is made up of 39-amino acids. The N-terminal is relatively
large (145 kDa) and made up of sub-molecules with homology to known adhesive proteins
including cartilage matrix protein, nine fibronectin type llI-like domains and a short cysteine
and proline rich region (Christiano et al., 1992). The C-terminal is conversely small (30 kDa)
with a sub-molecule homologous to the Kunitz protease inhibitor molecule (Christiano et al.,
1994a). The anchoring collagen forms in the ECM where initially two collagen VII molecules
form an anti-parallel dimer with the N-terminal exposed at both ends (Sakai et al., 1986). A
portion of the C-terminal is then proteolytically removed and the structure stabilised by
inter-molecular disulphide bonds (Colombo et al., 2003). Multiple dimers then align laterally
to form the anchoring fibril (Fig.1.21) (Chung and Uitto, 2010). The anchoring collagen
appears predominantly in the skin, anchoring the lower portion of the dermal-epidermal

basement membrane to the underlying papillary dermis (Chung and Uitto, 2010).
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Figure 1.21. Schematic of collagen type VII. (A) The monomer forms a antiparallel dimer with
a second monomer at the C-terminal (orange oval is NC2 domain). The C-terminal is partially
proteolytically removed and multiple dimers bond to form the anchoring fibril (red band is
post cleaved NC2 domain). (B) The anchoring fibril then anchors ECM proteins to the

basement membrane. Created with BioRender.com.
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1.7.1.7. MACIT Collagens

The MACIT collagens are type Il transmembrane proteins (N-terminal is located
intracellularly, C-terminal is located in the ECM) composed of a short N-terminal, a
hydrophobic single-span transmembrane domain and the triple helical domain with three
non-collagenous interruptions allowing the structure to bend (Fig.1.22) (Hagg et al., 1998a,
Hashimoto et al.,, 2002, Banyard et al., 2003). Despite sharing a closely homologous
structure, the collagens that make up the MACIT subgroup feature across different tissues.
The most widespread MACIT is type XllI, which is expressed by cells of mesenchymal and
epithelial origin and accumulates in low amounts (Peltonen et al., 1999, Sund et al., 2001,
Ylonen et al., 2005, Latvanlehto et al., 2010). Type XXlll is primarily expressed by fibroblasts
(Koch et al., 2006) whilst the types of cells that express type XXV change with ageing. During
development the protein is expressed by the peripheral nervous system and the neuro-
muscular junction, then in adulthood it is exclusively produced by central neurons
(Hashimoto et al., 2002, Goncalves et al., 2019, Tanaka et al., 2014). Type XVIl is involved in

the linkage between the ECM and intracellular regions of the epidermal (Diaz et al., 1990).

Extracellular

Intracellular

Cell membrane

Figure 1.22. Schematic of MACIT collagens spanning the intra and extracellular matrix

through the cell membrane. Created with BioRender.com.

1.7.1.8. Multiplexin Collagens

The multiplexin collagens share a multidomain structure with an interrupted triple helix
resulting in flexibility (Myers et al., 1992, Rehn et al., 1994, Rehn and Pihlajaniemi, 1994).

The N- and C-terminals are similar across the collagens with the N-terminal domain
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composed of a laminin-G-like thrombospondin-1 homologous domain and the C-terminal
domain featuring a endostatin or restin motif (Rehn and Pihlajaniemi, 1994). The
multiplexins are the only collagens that feature a proteoglycan domain, which occurs as
different forms of glycosaminoglycans (either heparan sulphate or chondroitin sulphate)
(lozzo and Schaefer, 2015). The multiplexin collagens are widely distributed in normal tissues
where they associate with endothelial, epithelial, nerve, muscle and fat cells (Saarela et al.,
1998, Hagg et al., 1997). Type XV is located at the interface between the basement
membrane and fibrillar collagen network, linking the fibrillar collagens to the basement
membrane. It is not considered an integral component of the basement membrane (Amenta
et al., 2005, Rasi et al., 2010, Lisignoli et al., 2009). Type XVIII is an integral part of the
basement membrane binding different basement membrane components together (Sasaki

et al., 1999, Sasaki et al., 2000).
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1.7.2. Collagen Synthesis

The biosynthesis of collagen is well characterised for the fibril forming collagens, however it
is less well known for the non-fibril forming types. This section will discuss in detail the
process for the synthesis of the fibril forming collagens, and where available the synthesis of
the other collagen types. As previously stated the mature collagen structure varies across all
collagen types with the collagen triple helix acting as the consistent motif present. This triple
helix is formed of three alpha chains unique to the specific collagen and can form as a
homotrimer or heterotrimer. The alpha chains form as procollagen which is cotranslationally
translocated into the lumen of the endoplasmic reticulum (ER) where it folds and undergoes
post translational modification due to the presence of a variety of enzymes including prolyl
4-hydroxylases, prolyl 3-hydroxylases and lysyl hydroxylases for hydroxylases of the Y
position proline (Heard et al., 2016), GLT25D1 and GLT25D2 for glycosylation (Schegg et al.,
2009) and peptidyl proline cis-trans isomerase (Ishikawa and Bachinger, 2013). Heat shock
protein 47 (HSP47), a molecular chaperone, is also required during the synthesis of collagen,
ensuring correct folding of the procollagen. HSP47 binds to the surface of the collagen
stabilising the triple helix and preventing lateral aggregation within the ER that is otherwise

induced due to the hydrophobic nature of collagen (Ito and Nagata, 2017).

Once translation in the ER is complete the three alpha chains assemble at the C-propeptides
region forming inter-chain disulphide bonds (Bourhis et al., 2012). The triple helix then forms
in a zipper-like manner from the C-terminal to the N-terminal forming the procollagen trimer
(Engel and Prockop, 1991). Once the stable procollagen trimer is formed it is transported
from the ER to the cis-Golgi. HSP47 travels with procollagens from the ER to the cis-Golgi at
which point it dissociates and is recycled (Satoh et al., 1996). The length of the procollagen
trimer is approximately 300 nm which is too large for the on average 60-80 nm diameter
COPI and COPII coated vesicles (Bonfanti et al., 1998, Miller and Schekman, 2013), suggesting
that the procollagen is transported via a specialised system. Transport and Golgi
organisational protein 1 (TANGO1), an ER-exit site protein, has been identified as a key factor
in the trafficking of procollagen (Bard et al., 2006, Saito et al., 2009). TANGO1 features an
SH3-like domain which has been shown to bind to procollagen VIl in the lumen, whilst the
second coiled coil domain of TANGO1 binds to the protein cTAGES in the cytoplasm (Santos
et al., 2015). The C-terminal proline rich domains of both TANGO1 and cTAGES then interact
with the COPII coated proteins Sec23A and Sec24C (Saito et al., 2009, Saito et al., 2011),
which leads to the nucleation of the proteins generating the complex that drives procollagen

VIl export from the ER (Malhotra et al., 2015, Miller and Schekman, 2013). TANGO1 knockout
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in mice has shown defective sorting and exporting of many collagen types (Wilson et al.,
2011) further supporting the role of TANGOL1 in the connection of procollagen between the
ER and cytoplasmic components. However in vitro studies have shown that TANGO1
knockdown does not affect procollagen export from the ER (Saito et al., 2009, Nogueira et

al., 2014).

Procollagen has been suggested to be transported from the ER to the Golgi via cytoplasmic
vesicular tubular cluster (VTCs) which are surrounded by small vesicles (Bonfanti et al., 1998)
and requires both COPI (mediates the retrograde transport of ER resident proteins (Murshid
and Presley, 2004)) and COPIl (involved in the export of proteins from the ER). This
hypothesis of large vesicles used to transport procollagen between the ER and Golgi has been
disputed by a number of studies. McCaughey et al. (2019) proposes that the procollagen is
trafficked via a ‘short-loop’ pathway between the ER and Golgi, whilst Santos et al. (2015)
suggests that the procollagen is trafficked via ER-Golgi intermediate compartment-
membrane derived megacarriers; however the process is still not completely understood and

may be a combination of the hypotheses (Omari et al., 2020).

The transport of collagen (and other proteins) through the Golgi stacks in mammalian cells
is still not fully understood (Malhotra and Erlmann, 2015), although a study by Bonfanti et
al. (1998) showed that the procollagen | trimer remains in a Golgi cisterna lumen rather than
in transport vesicles at the perimeter of the cisterna. They go further to suggest that
progression is due to the cisternal maturation model, here the cargo remains in the lumen
whilst the cisternae themselves progress through the stack (cis-to-trans direction) and
‘mature’ through recycling of their resident enzymes (Beznoussenko et al., 2014). The
maturation model has continued to be challenged with reports of megacarriers, tubules, rim
progression and direct/transient connections between cisternae (Glick and Nakano, 2009,
Lavieu et al., 2013, Beznoussenko et al., 2014) suggesting that the maturation model is not
solely correct. Whilst the exact process of transportation through the Golgi is still unknown
it appears that it is not a singular process but a range of different processes may all be

required for the efficient processing of specific proteins of different sizes and complexity.

Fibrillar procollagen processing involves the removal of the globular N- and C- propeptides
by the enzymes N- and C- proteinases respectively (Leung 1979). The activity of the enzymes
is provided by different molecules; C-proteinases activity is provided by members of the
metalloproteinase family, bone morphogenetic protein 1 (BMP1), mammalian tolloid (mTLD)

and tolloid like 1 (TLL-1) (Li et al., 1996, Kessler et al., 1996, Scott et al., 1999, Hartigan et al.,
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2003) whilst N-proteinase activity is provided by members of the ADAMTS family; ADAMTS-
2, ADAMTS-3 and ADAMTS-14 (Colige et al., 1997, Fernandes et al., 2001, Colige et al., 2002).
The removal of the C-propeptides triggers the self-assembly of the collagen into fibrils due
to the large reduction in critical concentration required for fibril assembly (Kadler et al.,
1987, Hulmes et al., 1989). Assembly of fibrils begins within the plasma membrane and
continues as the collagen is secreted into the ECM (Canty et al., 2004). The major fibril
forming collagens (1, Il, and Ill) undergo the stated processing whilst the minor fibril forming
collagens (V and XI) undergo a more complex process. Here furin-like cleavage plays a major
role in the proal(V), proal(Xl) and proa2(XI) chains and BMP1/mTLD cleave the proa2(V)
chain as well as within the large N-terminal regions of the proal(V), proal(Xl) and proa2(Xl)
chains (Hulmes, 2008), with both enzymes cleaving at the C-propeptide (Unsold et al., 2002).
Furthermore BMP1/mTLD cleave procollagen VII, showing that this process is not exclusive

to fibril forming collagen (Hopkins et al., 2007).

Secretion from the cell into the extracellular matrix requires transport of the protein from
the Golgi to the plasma membrane. There are numerous exits routes, however the most well
understood is the clathrin-coated, vesicle mediated transport of cargo from the trans-Golgi
network (TGN) to the endosomes, lysosomes and plasma membrane (Bard and Malhotra,
2006, De Matteis and Luini, 2008, Guo et al., 2014, Kienzle and von Blume, 2014). The sorting
and transportation of proteins to the relevant position of the cell is a complex process, for
example mature epithelial cells and neurons have functional and morphological polarization
and therefore require the protein to be secreted at a specific region of the cell (Pakdel and
von Blume, 2018). The mechanism of how collagen is sorted at the TGN remains unknown
(Pakdel and von Blume, 2018). Transport of procollagen from the TNG to the plasma
membrane before secretion into the ECM has been suggested to be via carriers that are
generally tubular-saccular but are heterogeneous in shape. These clathrin-coated carriers
are 300-1700 nm in length and form via the detachment of larger regions of the TGN
(Polishchuk et al., 2003).

Before the mature collagen fibrils are generated, a precursor suprastructure is first
assembled called the protofibrils (Birk and Trelstad, 1986, Birk et al., 1989). These fibrils are
immature, short and feature small uniform diameters (diameter: ~20 nm, length: 4-12 um
length (Birk and Briickner, 2011)). The protofibrils are secreted into the developing ECM
where they are stabilised through interactions with other ECM components including FACIT
collagens and small leucine-rich proteoglycans (SLRP). The mature fibril is assembled by end-

to-end, lateral association of the protofibrils (Birk and Briickner, 2011).
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1.8. Summary

Collagen is one of the major structural proteins found in the body and is known to occur as
at least 28 different isoforms. The concentration of different types of collagen found in
tissues varies, with the major fibril forming collagens typically accounting >90% of the dry
protein weight of musculoskeletal tissues. This has led to many researchers considering the
synthesis of these collagens as a key marker for successful tissue engineering, however the

role of the minor collagens is key to achieve tissue homeostasis.

From early embryogenesis to maturation musculoskeletal tissue undergo a variety of
mechanical forces that help to direct the differentiation of the cell found within the tissues.
These mechanical stimuli also drive the production of collagens, acting as a key regulator for
the appropriate development of the structures. The use of such mechanical stimulations in
tissue engineering is key to achieve an appropriate engineered tissue. A number of
bioreactors are now commercially available and regularly custom built to provide specific
mechanical stimuli to tissue cultures, which has resulted in more organised ECMs, increases
in differential markers and inhibitory effects on others. The magnitude, frequency and
duration of a specific mechanical force has been found to have differing effects on the cells
fate. This thesis will focus on how changes to these mechanical forces results in changes to

the collagen synthesis and arrangement within tissue engineered structures.

1.9. Hypothesis

Mesenchymal stem cells will generate varying concentrations of the major and minor types
of collagen in response to different mechanical stimuli. This composition can be used to
identify the differentiation of the cells and the quality of the tissue engineered structure

generated.

1.10. Aims

e To investigate the potential of 3D printing as a manufacturing technique for novel
approaches to tissue engineering.
e Investigate the role of a variety of mechanical stimulations on MSC differentiation

and collagen synthesis.
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2.1. Materials

Materials are listed below and grouped by supplier:

Abcam — Anti-collagen al(l) antibody (ab138492), Anti-collagen al(lll) antibody (ab7778),
Anti-collagen al(V) antibody (ab112551), Anti-collagen al(X) antibody (ab182563), Anti-
collagen al(Xl) antibody (ab64883), Anti-collagen a1(XIl) antibody (ab121304), Anti-collagen
al(XIV) antibody (ab101464), Biebrich scarlet (ab146312).

Accu.co.uk — Grub screw (SSU-M5-30-A2), M3 thread insert (HSTI-M3-A2), M5 thread insert
(HSTI-M5-A2), Thumb screw (SKT-M3-10-A1).

Agar_scientific — ‘Diatome’ ultra-diamond knife (AGG3397), 200 mesh copper grid
(AGG2700C).

BD Bioscience — BD™ CompBeads (552843).
Benam — XTC-3D oxirane resin (XTC-3D)

Bio-Rad — Criterion Blotter (1704071), Criterion Vertical Electrophoresis system (1656001),
iScript (1708891).

Cambridge bioscience — Zymo Direct-zol DNA/RNA Miniprep (R2080).

Cole Palmer — Luer Lock adapter (OU-30800-00), 0.2-um syringe filter (16534------------- K).

Don Whitley Scientific — Bellow (SP-90.007.06).

Farnell — Sylgard 184 (101697).

Fisher Sci — Nuclease free water (11538646).

Gibco - DMEM (11880028), FCS (A3160802, Lot- 42F7584K).
Greiner — T-flasks (660175).

Li-cor — Chameleon 800 Pre-stained Protein Ladder (929-800000), IRDye® 800CW Donkey
anti-Mouse 1gG Secondary Antibody (926-32212), IRDye® 800CW Donkey anti-Rabbit IgG
Secondary Antibody (926-32213), REVERT Total Protein Stain (926-11021), REVERT Wash
Solution (926-11012).

Lonza — Bone marrow aspirate (Pt-2501).

Merck — Amicon Ultra-15 centrifuge filter unit (UFC901008).
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Millipore — BugBuster Ni-NTA His-Band purification kit (70751), RIPA buffer (20-188).

New England BioLabs — BamHI-FI (R3136), Pstl-HF (R3140), Cutsmart buffer (B72042).

Peprotech — TGF-$3 (100-36E).
Promega — PureYield plasmid miniprep (A1223).

Qiagen — COL5A1 primer (NM_000093), COL6A1 primer (NM_001848), COL9A1 primer
(NM_001851), COL14A1 primer (NM_021110), COL24A1 primer (NM_152890), DCN primer
(NM_133503) RNeasy Mini kit (74104), SXCA primer (NM_001080514), TNMD primer
(NM_022144), QIAGEN TissueRuptor Il (9002757).

R&D Systems — MSC verification kit (FMC020).

RS Components — Loctite super glue (787-7406), M3 screw (280-981), M5 thumb nut (664-

4886), Polycarbonate sheet (681-665).

Santa Cruz — Anti-collagen al(ll) antibody (sc-52658), Anti-collagen al(VI) antibody (sc-
377143), Anti-collagen al1(IX) antibody (sc-376969).

Sigma_Aldrich — Acid Fuchsin (F8129), Alcian blue 8GX (A5268), Alizarin red S (A5533),
Aluminium ammonium sulphate (A2140), Aniline blue (415049), B-glycerophosphate
(G9422), Bradford reagent (B6916), Bovine serum albumin (A2153), Chloroform,
Dexamethasone (D4902), Direct red 80 (365548), Dimethyl sulfoxide (D2650), DPX mounting
solution (06522), Eosin Y (E4009), Ethanol (459844), Ferric chloride (236489), Fibrinogen
(341573), Fibronectin (F4759), Formaldehyde (F8775), Glacial acetic acid (10000631011),
Glycerol (G9012), Haematoxylin (H3136), Hydrochloric acid (320331), Hydrogen peroxide
(H1009), Indomethacin (17378), Insulin (16634), Isopropyl B-d-1-thiogalactopyranoside
(420322), Isopropanol (19516), Insulin Transferred Sodium (13146), L-ascorbic acid (A92902),
LB Broth (L3522), L-Glutamine (G7513), Nitrocellulose membrane (WHA10401403), Paraffin
wax (327204), Pellet pestles 2359971, Pepsin (P7012), Picric acid solution (P6744)
Phosphomolybdic acid (221856), Phosphotungstic acid (P4006), Phloxine B (P4030), Sodium
azide (S2002), Sodium chloride (57653), Sodium iodate (S4007), SYBR Green JumpStart Tag
ReadyMix (S4438), Tissue processing cassette (H0542), Trypsin (59427C), Thrombin (T4648),
Tris HCL, Trisma-base (T1503), Tween 20 (P1379), Xylene (534056), 4X SDS sample buffer
(70607-3), 6-aminocaproic acid (A2504), 3-Isobutyl-1-methylxanthine (15879).

Simply Bearings — O-ring (3 mm diameter, 134 mm bore VITON)

SLS — Methanol (34860).
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TAAB Laboratories Equipment Ltd — Acetone (A018), Borax (B021)., Epoxy resin (T0O01, D025,

MO011, D032), Ethanol (EO47), Glutaraldehyde (G002), Maleic acid (M003), Methanol,
Osmium tetroxide buffer (0001), Reynolds lead citrate stain (L037), Sodium cacodylate
(S011), Toluidine blue (SD211), Uranyl acetate (U007).

ThermoFisher — Antibiotic-Antimitotic (15240062), Anti-collagen al(XXIV) antibody (MAS5-
24533), DAPI (D1306), Designed primers, DNA gel loading dye (R0611), (6X) DyLight 488 NHS
ester dye (46402), EDTA (15576028), Foetal calf serum (A3160802), GelCode Blue Stain
Reagent (24590), Low melting point agarose (16520100), Mini Gel Tank (A25977), Non-
essential amino acids (11140035), Novex Sharp Pre-stained Protein Standard (LC5800),
Novex Tris-Glycine SDS running buffer (LC2675), Novex™ WedgeWell™ 4 to 12%, Tris-Glycine
(XP04120BOX), Nuclease free water (11538646), NUPAGE LDS Sample Buffer (NP00Q7),
NuPage Sample Reducing Agent (10X) (NPO004), NuPAGE Transfer Buffer (20X) (NPO0Q6),
NuPAGE Tris-Acetate SDS Running Buffer (10X) (LA0O041), NuPAGE 3-8% Tris-Acetate midi
protein gels (WG1603A), Phalloidin 647 (A22287), Pierce BCA assay kit (23227), Pierce Bovine
Serum Albumin Standard Pre-Diluted Set (23208), Pierce Dimethylformamide (20673), Pierce
LDH assay kit (88953), Superfrost Plus Adhesion Microscope Slides (JI800AMNT), Tracklt 1Kb
Plus DNA ladder (10488085), TRlzol (15596026), 4-12% tri-glycine WedgeWell gel
(XP04122BOX).

VWR - PegGREEN (732-3196).

3DGBIRE — PLA filament, Nylon Filament.
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2.2. Methods and Optimisation

2.2.1. Cell Culture

Human mesenchymal stem cells (hMSCs), from bone marrow, were used in all tissue
engineering experiments. The hMSCs were purchased as four 10 ml aspirates from Lonza. All
four aspirates were donated from a single normal (non-diabetic) adult. The human bone
marrow was withdrawn from bilateral punctures of the posterior iliac crests from the donor

in the US, before being shipped as aliquots to UK on dry ice.

The mononuclear count provided by the supplier was 2.6x107 cells/ml. Before plating the
cells the required number of tissue culture vessels was determined from the mononuclear
cell count as 1x10° mononuclear cells/cm?. The final cell count was found to be 1.554x10°

cells, therefore a surface area of 14,505 cm?or 90 T175 flasks was required.

The flasks were coated in 10 ml of sterile fibronectin to a final concentration of 10 ng/ml and
left for one hour at room temperature. The fibronectin solution was removed and 15 ml of
low glucose, phenol free Dulbecco’s modified Eagle’s Medium (DMEM) containing 10% foetal
calf serum (FBS), 1% L-Glutamine, 2% Antibiotic-Antimitotic and 1% Non-essential Amino
Acids was added to each flask, this media was designated basic media throughout the rest
of the study. Approximately 600 pl of the bone marrow aspirate was added to each flask.
The flask was gently mixed and incubated at 37°C in a humidified environment (5% CO>, 21%
0;) for seven days. During the initial culture, h(MSCs adhered to the fibronectin coated tissue
culture plastic while red blood cells floated in the basic media, which prevented visualisation
of the hMSCs adhered to the flasks. After seven days, 50% of the basic media was replaced
and the flasks were again incubated at 37°C in a humidified environment (5% CO,, 21% 0,)
for a further seven days. Finally 100% of the basic media was replaced and hMSCs could be
visualised (Fig.2.1).
A B Ec

300 um 300 um 300 um
Figure 2.1. Human mesenchymal stem cells following isolation from bone marrow aspirate.

A) 14 days post adherence, B) 16 day post adherence, C) 18 days post adherence. Scale bars

represent 300 um.
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Once the hMSCs had reached confluence they were passaged and stored in liquid nitrogen
at PO. Confluence density was confirmed using a microscope with 10x objective. The basic
media was removed and each flask washed in 10 ml of Phosphate buffered saline (PBS). Once
washed the PBS was replaced with 7 ml PBS + 3 ml 10x Trypsin. The flasks were then
incubated at 37°C in a humidified environment (5% CO,, 21% O,) for 5 minutes to dissociate
the cells from the flask. The flasks were “tapped” to dissociate any cells still adhered to the
flask before aspirating the cell solution into a 50 ml sterile centrifuge tube containing 5 ml
basic media. The flask was washed with 10 ml basic media which was also added to the 50
ml sterile centrifuge tube. The cell solution was then spun down at 500 g for 5 minutes to
pellet the cells. The supernatant was poured away and the cell pellet was re-suspended in
20 ml basic media. The cell number was determined using a haemocytometer on 10 pl
samples. Cells were re-pelleted by centrifuging at 500 g for 5 minutes and re-suspended in
10% Dimethyl Sulfoxide (DMSO) + 90% FBS at 400,000 cells/ml and stored in liquid nitrogen

until required.

2.2.2. hMSC Validation

Fluorescence-activated cell sorting (FACS) and the tri-linage assay was used to characterise

the cells extracted from the bone marrow aspirates as hMSCs.

2.2.2.1. hMSC FACS Verification

An MSC verification kit was used to define the cells grown from the bone marrow aspirate.
The kit contains the MSC markers that have been defined by Dominici et al. (2006) as the
minimum criteria to class the cells as MSCs. The markers include CD73, CD90, CD105 and a
cocktail of negative markers: CD11b, CD34, CD45, CD79A and HLA-DR. All positive markers
are required to be expressed by >95% of the population and the negative marker cocktail at

<2% of the population to meet the criteria requirements.

The verification kit was run on the cells extracted from the bone marrow aspirate at passage
1 (P1). The cells not used for the verification kit were taken forward to be used in the tensile
stimulation experiment. Antibody compensation was performed using BD™ CompBeads
following the manufactures protocol: 100 ul of staining buffer was added to one flow
cytometry tube per antibody. One drop (approximately 60 pl) of the BD™ CompBeads
Negative Control and one drop of the BD CompBeads Anti-Mouse |g was added to each tube
and vortexed. 10 pul of each antibody supplied in the MSC verification kit was added to the

appropriately labelled flow cytometry tube, including an unstained tube. The tubes were
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incubated in the dark for 45 minutes at room temperature. After incubation 2 ml of staining
buffer was added to each tube, the tubes were centrifuged at 200 g for 10 minutes. The
supernatant was discarded and the bead pellet was re-suspended in 500 pul of staining buffer.
Each tube was run on the BD FACS Canto Il flow cytometer and the singlet bead population
was gated based on forward light scatter (FSC) and side light scatter (SSC) characteristics.
Once compensation gates were acquired the process was applied to the cell population. The
P1 cells were disassociated from tissue culture plastic via trypsin (as stated in section 2.2.1)
and counted using a haemocytometer. 100,000 cells were transferred into a 1.5 ml
centrifuge tube with 100 pl of staining buffer and 10 pl of each antibody. The tube was
vortexed and incubated at room temperature in the dark for 45 minutes. The centrifuge tube
was spun down at 200 g for 10 minutes and the supernatant was discarded. The cell pellet
was re-suspended in 500 pl of staining buffer and transferred to a flow cytometry tube. The
marker expression was analysed by the BD FACS Canto Il flow cytometer and measured
against the compensation beads gating. Analysis was completed using FlowJo software.
Fig.2.2 shows the expression for each marker from the verification kit. The positive markers
were found to be present in >95% of the cell population (CD73 99.07%, CD90 99.55% and
CD105 98.57%) meeting the criteria as defined by Dominici et al. (2006), however the

negative marker cocktail was found to be 2.83%, which marginally exceeds the criteria.

o

99.07% 99.55%

‘ M e e e R e e e |gG control
CD73 FITC-A CD90 APC-A
hMSC sample combine
98.57% _ 2.83%
| €
8 3"
" D10 PerchA " ! " Negative PE-A

Figure 2.2. Flow cytometric analysis of minimal stem cell markers as defined by Dominici et
al. (2006) expressed by P1 hMSCs. Red peaks represent IgG controls, blue peaks represents
hMSCs.

2.2.2.2. Tri-Linage Differentiation Assay

The cells extracted from the bone marrow aspirate were grown to P2 before being
disassociated from the tissue culture plastic by trypsin. Cells were re-plated in triplicate at

seeding densities based on the required differentiation. For both osteogenic and adipogenic
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differentiation the cells were seeded in monolayer in the wells of a 6-well plate. For
osteogenic differentiation, cells were seeded at 3,000 cells/cm? and cultured in osteogenic
media containing DMEM, 10% FBS, 1% L-Glutamine, 2% Antibiotic-Antimitotic, 1% Non-
essential Amino Acids, 100 nM dexamethasone, 10 mM B-glycerophosphate and 50 uM L-
ascorbic acid (Jaiswal et al., 1997). For adipogenic differentiation the cells were seeded at
10,000 cells/cm? and cultured in adipogenic media containing DMEM, 10% FBS, 1% L-
Glutamine, 2% Antibiotic-Antimitotic, 1% Non-essential Amino Acids, 1 UM dexamethasone,
100 uM indomethacin, 10 pg/ml insulin and 500 uM 3-Isobutyl-1-methylxanthine (IBMX)
(Cheng et al., 2009). Chondrogenic differentiation required the cells to be present in a 3D
arrangement, this was achieved by suspending 500,000 cells in 500 pl of basic mediaina 1.5
ml screw cap centrifuge tube. The sample was then centrifuged at 240 g generating a pellet
of cells. The supernatant was removed and carefully replaced with chondrogenic media
without disrupting the pellet. The chondrogenic media contained DMEM, 1% L-Glutamine,
2% Antibiotic-Antimitotic, 1% Non-essential Amino Acids, 100 nM dexamethasone, 10 ng/ml
TGF-B3, 1% Insulin-Transferred-Sodium (ITS), 25 pug/ml L-ascorbic acid (Murdoch et al.,
2007). Control groups were cultured identically to differentiated groups, but in basic media.
Osteogenic and adipogenic media were changed twice a week for 21 days and chondrogenic
media changed every other day for 21 days. To assess differentiation the groups were stained
with Alizarin Red for osteogenic differentiation where calcium deposits stain red, Qil-Red-O
for adipogenic differentiation where the lipid droplets stain red or Alcian blue for
chondrogenic differentiation where the glycosaminoglycans are stained blue. For Alizarin
Red the culture media was removed from the culture well and the cell monolayer was
washed in three changes of PBS. The monolayer was fixed in 1% neutral buffer formalin
solution (NBF) for 30 minutes. The monolayer was carefully washed with distilled water so
as to not disrupt the cells (some disruption of the cells was observed) and stained with 2%
Alizarin Red S solution (pH 4.1-4.3) (recipe in section 2.2.4) for 45 minutes in the dark at room
temperature. The cells were washed a further three times with distilled water and imaged.
For Qil-Red-0 staining the monolayer was washed with three changes of PBS and fixed with
1% NBF for 30 minutes. Once fixed the cells were washed with distilled water, 60%
isopropanol was then added to each well and the culture plate was incubated at room
temperature for 5 minutes. The 60% isopropanol was removed and 0.18% Qil-Red-O solution
(0.288 g Oil-red O mixed with 100 mlisopropanol to generate a stock solution). 30 ml of stock
solution was mixed with 20 ml distilled water (generating 0.18% oil-red O solution) was the

added to the culture plate, which was incubated at room temperature for 15 minutes. The
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monolayers were washed with two changes of distilled water before the addition of
haematoxylin for 1 minute. The cells were washed a further four times and then imaged. For
Alcian blue staining the cell pellets were washed in three changes of PBS and fixed in 1% NBF
for 60 minutes before paraffin embedding using the Leica ASP300 tissue processor (Leica
Microsystems, UK) and Leica EG1150 tissue embedder (Leica Microsystems, UK) (explained
in more detail in section 2.2.4). After the pellets were embedded, 6 um sections were cut
using the Leica RM2265 (Leica Microsystems, UK) and mounted on Superfrost Plus Adhesion
Microscope Slides. Sections were deparaffinised in two changes of xylene (5 minutes each),
rehydrated in 70%, 90% and 100% ethanol (5 minutes each) and washed in running tap water
for 2 minutes. Sections were stained in 1% Alcian blue solution (recipe in appendix A) for 30
minutes and washed for a further 2 minutes in running tap water. Sections were dehydrated
in 90% ethanol and two changes of 100% ethanol (30 seconds each) and cleared in two
changes of xylene (1 minutes each). Sections were mounted with DPX mounting solution and
imaged. Fig.2.3 shows representative images from each of the differentiation stains. Higher
levels of staining were seen in each differentiation group. Low levels of calcium staining was
detected in the control group with far higher seen in the osteogenic differentiated group.
The chondrogenic differentiated pellet was more structurally stable with a complete Alcian
blue staining whilst the control group generated a less complete pellet culture with fainter
staining. There was no lipid droplet staining detected in the control group, whilst the
adipogenic differentiated group had a high level of staining. This demonstrated that the cells
had the potential to differentiate down the osteogenic, adipogenic and chondrogenic

lineages.
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Alizarin Red Alcian Blue Oil-Red-0O
(Osteogenic) (Chondrogenic) (Adipogenic)

Control

Differentiated

Figure 2.3. Histological analysis of trilineage differentiation potential of P1 hMSCs.
Representative images are shown for cells after induced osteogenic, chondrogenic or
adipogenic differentiation (Differentiated) and non-differentiated cells (Control) with
appropriate staining. Cells differentiated down the osteogenic lineage were stained for
calcium deposits using alizarin red. Cells differentiated down the chondrogenic linage were
stained for GAG formation using Alcian blue. Cells differentiated down the adipogenic
lineage were stained for lipid droplets using oil-red-O staining. n=3 repeats from same donor,

scale bars represent 600 um.

2.2.2.3. Conclusion

From the flow cytometry analysis and the tri-linage images it can be seen that the cells
extracted from the bone marrow aspirate met the majority of the criteria needed to define
the cells as MSCs. The only criteria not seen was the population of cells expressing the
negative marker exceeding 2%, however this was exceeded by less than 1% (this may be
contamination of other cell types). As all other criteria was met and the negative criteria was
exceeded by less than 1% it was concluded that a mixed population of cells was present with

the majority of the population being hMSCs.
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2.2.3. Fibrin Hydrogel Formation Optimisation

Fibrin was chosen as the 3D biomimetic material used throughout the experimental runs for
all mechanical stimuli as it has been previously used for tissue engineering of tendon, bone
and cartilage (the musculoskeletal tissues investigated throughout this study) (Eyrich et al.,
2007, Wang et al., 2010, Almeida et al., 2016) and that it acts as a blank slate for collagen
synthesis, where the only detected collagen is that produced by the cells. The recipe used to
generate the fibrin hydrogels was consistent across experiments, however the culture
environment altered between the tensile stimulation (3D printed chamber), the hydrostatic
pressure (24-well plates) and the microgravity groups (12-well plate and rotation drums).
Tensile stimulation required rod like structures, similar to that of native tendon, whilst the
hydrostatic pressure and microgravity required a free swelling ssamples, designated
microtissues. Detailed methods for generation of the tensile stimulation fibrin hydrogels can
be found in section 2.2.3.1 and for the hydrostatic pressure and microgravity samples can be

found in section 2.2.3.2.

Fibrin is formed by the coagulation of the protein fibrinogen due to the enzyme thrombin.
By mixing cells with the solution before it polymerises, a 3D network of suspended cells is
formed that can be mechanically stimulated. The basis for the fibrin recipe was built on
published work previously completed by members of our group (Kharaz et al., 2016), with a
final protocol established following optimisation through a titration of thrombin with
consistent fibrinogen and cell suspension of 1x10° cells/ml (10-80 pl of 200 U/ml thrombin
with 250 pl of 20 mg/ml fibrinogen and 600 pl cell suspension) a volume of 50 pl was taken

forward following optimisation (Fig.2.4).

Figure 2.4. Effects of thrombin concentration of fibrin formation. Fibrin gels formed between
early anchor post design, used for tensile stimulation optimisation. (A) End of week one, the
10 ul group formed the smallest hydrogel and contracted the most. (B) End of week two, the

80 ul group was almost completely degraded and 10 pl group hadn't changed from week
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one, the 50 pl and 60 pl produced the best hydrogels. 50 ul was taken forward due to slightly

longer coagulation time.

For the final experiments with mechanical stimulation, the ratio of cell suspension,
fibrinogen and thrombin was maintained at 12:3:1 using the same batches of fibrinogen,
thrombin and MCS. All samples were generated with the same initial volume of fibrin though
in different seeding environments which is explained in detail in the following sections. All
fibrin protocols were based around the following protocol: in a well plate a layer of sterile
4% agarose was dispensed and set, this layer was then washed with sterile PBS. The hMSCs
were disassociated from the tissue culture plastic via the trypsin method (see section 2.2.1)
and counted using a haemocytometer. For the final hydrogels 1.25x10° cells/ml were used;
this equated to 5x10° cell/hydrogel. Once the cells were counted and suspended in the
correct volume of basic media, 75 pl (20 mg/ml) fibrinogen was added to each well. 300 pl
of the cell suspension was added to the fibrinogen and mixed by pipetting up and down. 25
pl (200 U) of thrombin was then added to each well and mixed with a sterile 10 pl pipette
tip. The plates were then placed into the incubator at 37°C, 5% CO2 for one hour, or until
polymerised. Once the fibrin had formed the edges were scored with a pipette tip to detach
the fibrin from the edge of the well and encourage contraction. Each well was filled with
basic culture media (volume depended on experimental group) containing fresh 800 uM L-
ascorbic acid and 1 mg/ml 6-aminocaproic acid. Media was changed and the fibrin was
scored with a pipette tip every other day during the contraction phase (contraction phase
was one week for hydrostatic pressure and microgravity and two weeks for tensile
stimulation). After the contraction phase the fibrin hydrogels were placed into the

experimental environment as defined in the sections 2.2.3.1 and 2.2.3.2.

2.2.3.1. Tensile Fibrin Hydrogel Generation

Cells were grown as describe in section 2.2.1. Briefly hMSCs were thawed at passage 1 and
grown in T175 flasks to passage 3. The cells were cultured in basic medium at 37°C in
normoxia and 5% CO,. Once the required cell number was achieved to enable formation of
30 fibrin hydrogels (>15,000,000 cells), the hMSCs were dissociated from the tissue culture
plastic and counted. Cells were diluted to 1.25x10° cells/ml, which was the required
concentration for the fibrin hydrogels. The ratio of components to generate the fibrin
hydrogel was maintained from section 2.2.3: 75 pl (20 mg/ml) fibrinogen, 25 pul (200 U)

Thrombin and 300 pl cells diluted in basic medium.
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The anchor frames (describe in detail in section 3.5.1.6) were used to generate the tendon
like structures that were subjected to tensile stimulation. Before use the anchor frames and
spar covers were washed in PBS and then sterilised in 70% ethanol by submerging for 30
minutes within a BSC. After 30 minutes they were removed from the 70% ethanol with sterile
forceps and placed on sterilised paper. The anchor frames and spar covers were then sprayed
with 70% ethanol and left to dry for an hour. Whilst drying the six well plates were prepared.
1 ml of sterile 4% agarose was carefully dispensed into the base of each well of five 6-well
plates (30 wells in total), ensuring the agarose set level across the base. Once dry, an anchor
frame was moved into each well. The spar covers were then placed in position over the
breakable spars and a further 2.5 ml of sterile 4% agarose dispensed around the anchor
frame and spar cover ensuring no agarose moved into the centre of the anchor frame. The
agarose was then left to set for 15 minutes. Once the 4% agarose was set, 300 ul of sterile
PBS was dispensed the middle of each anchor frame to confirm that the agarose had set
without forming any escape routes that the fibrin may run down before polymerising. If any
PBS did escape the well the escape route was filled in with more sterile 4% agarose and re-
tested to ensure the well was watertight. The well was then washed in 3 changes of 3 ml

sterile PBS and the plate left with the final change of sterile PBS until required.

To generate the fibrin hydrogels, first the sterile PBS was removed from all wells. Next 25 pl
(200 U) thrombin was dispensed into the centre of each anchor frame. 300 pl of the
suspended cells (1.25x10° cells/ml) was then added each anchor frame (5x10°
cells/hydrogel). Finally 75 pl (20 mg/ml) fibrinogen was dispensed into each anchor frame.
The six well plates were then moved to an incubator operating at 37°C in normoxia and 5%
CO,. The samples were left for one hour to allow the fibrin to fully polymerise. Once
polymerised, using a 10 ul pipette tip, the edges of the fibrin were scored away from the
anchor frame to encourage contraction and covered in 3 ml of basic medium. 1 mg/ml 6-
aminocaproic acid was added to the culture medium to inhibit fibrin degradation during the
contraction phase (first two weeks) (Kupcsik et al., 2009). The medium was changed and the
fibrin hydrogels scored every 48 hours during the contraction phase. The fibrin hydrogels
reached ideal contraction after two weeks and were ready to be moved into the 3D printed

culture chamber.

Before the fibrin hydrogels could be moved into the bioreactor chamber it was sterilised with
70% ethanol; initially all components were disassembled and washed individually in 70%
ethanol before drying within a sterile cell culture hood for one hour. Once dry the parts were

assembled and washed a second time in 70% ethanol and left to dry in the sterile cell culture
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hood for a further hour. Once dry the culture wells were washed 3 times with PBS and two
0.2 um syringe filters attached to the lid for sterile air flow. Once washed the PBS was

discarded and the bioreactor chamber was ready to use.

To transfer the fibrin hydrogels from the six well plate to the bioreactor chamber, the spar
covers were first removed and the agarose seal was broken with sterile forceps. The anchor
frame and fibrin hydrogel was them moved to a sterile petri dish again using the sterile
forceps. The 90° attachment arms (which had been sterilised in the same method as the
anchor frames) were installed onto the anchor frames and the system was picked up using

sterile forceps and moved into the designated culture well.

To decide which fibrin hydrogel went into which well, each culture well was given a number
(control chamber 1-6, tensile chamber one 7-12, tensile chamber two 13-18 and tensile
chamber three 19-24) and each fibrin hydrogel given a number 1-30. The fibrin hydrogel
numbers were then randomised using an online random number sequence generator
(Random.org). The first number of the sequence was then assigned to well number one (i.e.

control chamber well one).

Once in the bioreactor chamber the spars were broken using sterile scissors leaving the fibrin
hydrogel to support itself between the anchor frame. The lid was fitted and secured using
thumb screws, creating an airtight seal with the O-ring. The hydrogels were cultured in 3.5
ml of basic medium with 800 uM of L-ascorbic acid which was added fresh during every
media change, there was no 6-aminocaproic acid in the culture media during the loading
phase. Medium continued to be changed every 48 hours. The bioreactor chambers with

fibrin hydrogels installed were incubated in non-humidified incubator at 37°C in 5% CO,.
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2.2.3.2. Hydrostatic Pressure and Microgravity Fibrin

Hydrogel Generation

The method for generating the fibrin hydrogel was the same for both the hydrostatic
pressure stimulation and the microgravity culture experiments. Cells were grown as
described in section 2.2.1. Briefly h(MSCs were thawed at passage 1 and grown in T175 flasks
to passage 3. The cells were cultured in basic medium at 37°C in normoxia and 5% CO,. Once
the required cell number was achieved for the fibrin hydrogels, the hMSCs were dissociated
from the tissue culture plastic and counted. Cells were diluted to 1.25x10° cells/ml, this was
the required concentration for the fibrin hydrogels. The ratio of components to generate the
fibrin hydrogel was maintained from section 2.2.3, 75 ul (20 mg/ml) fibrinogen , 25 ul (200

U) thrombin and 300 pl cells diluted in basic medium.

Before the fibrin hydrogels were generated the well plates were prepared. Initial culture was
done within 48 well plates as this was found to generate optimum hydrogel size. 100 ul of
sterile 4% agarose was added to each well and left to set, forming a non-adherent base layer
with a curved meniscus. Once set, 500 ul of sterile PBS was added to each well to wash away
any unset agarose, the PBS was then removed. 25 ul (200 U) thrombin was then dispensed
into each well, to this 300 pl (1.25x10° cell/ml) of cells in basic medium (5x10° cells/hydrogel)
was added and mixed. Finally 75 pl (20 mg/ml) fibrinogen was added and mixed. The 48 well
plate was then moved to an incubator operating at 37°C in normoxia and 5% CO,. The
samples were left for one hour to allow the fibrin to fully polymerise. Once polymerised,
using a sterile 10 ul pipette tip, the edges of the fibrin were scored away from the well wall
to encourage contraction and the samples then covered in 100 pl of basic medium. 1 mg/ml
6-aminocaproic acid was added to the culture medium to inhibit fibrin degradation during
the contraction phase (first week) (Kupcsik et al., 2009). The medium was changed and the
fibrin hydrogels scored every 48 hours during the contraction phase to prevent sticking and
ensure consistent hydrogel morphology. The fibrin hydrogels reached optimum contraction
after one week and were now designated microtissues. The microtissues were either moved
into a 24 well plate for hydrostatic pressure conditions or into 12 well plates for static and
dynamic microgravity condition. The hydrogels to be cultured under microgravity conditions

were moved to the microgravity chamber.

Before the microtissues were moved into the 24 well plate 100 pl of sterile 4% agarose was
dispensed into each well and left to set before washing with sterile PBS, the microtissues

were then gently transferred into the 24 well plate using passive suction with a 5 ml pipette
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tip. Similarly for the 12 well plates 200 pl of sterile 4% agarose was dispensed into each well
and washed with sterile PBS. The samples within the 24 well plates (hydrostatic pressure)
were cultured with 500 ul of appropriate media (chondrogenic, osteogenic or basic) with 800
UM of L-ascorbic acid added fresh during each media change. In the microgravity group the
samples were cultured in basic media with 800 uM of L-ascorbic acid which was added fresh
during each media change. 1 mg/ml 6-aminocaproic acid was not added after the initial one-

week contraction period for either hydrostatic or microgravity microtissues.

To generate the equal ratio of media for the different microgravity microtissues
(microgravity, dynamic and static), 27 microtissues were cultured in 54 ml media within the
microgravity chamber, whilst 24 static and dynamic microtissues were cultured in 2 ml within
12 well plates (two 12 well plates per condition); a ratio of 2 ml of culture media per
microtissue in all groups. Media continued to be changed every 48 hours for the hydrostatic
pressure experiment and every third day for the microgravity groups. The well plates were
cultured within an incubator operating at 37°C in normoxia and 5% CO,, whilst the
microgravity chamber was attached to the microgravity bioreactor and cultured in an

incubator operating at 37°C in normoxia and 5% CO.
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2.2.4. Histology

The same five histological stains (haematoxylin and eosin (H&E), Alcian blue, Alizarin Red and
Picrosirius Red) were applied to all experimental groups. Microtissues in the hydrostatic
groups were washed with three changes of PBS in the culture plates, fixed with 1% NBF for
30 minutes at room temperature, washed a further three times with PBS and stored in 0.01%
sodium azide in PBS at 4°C until required. The microgravity microtissues were fixed and
stored in the same way as the hydrostatic pressure microtissues, except the microtissues in
the Synthecon microgravity bioreactor were first removed from the rotation drums and
placed into a 24 well plate (one microtissue per well). The tensile stimulation samples were
washed in three changes of PBS and fixed with 1% NBF for 30 minutes directly within the 3D
printed bioreactor chamber whilst still attached to their anchor frames. Once fixed the
samples were transferred to two 24 well plates (one sample per well), washed a further three
times with PBS and stored in 0.01% sodium azide in PBS at 4°C. The fixed samples were
washed with two changes of PBS before being placed into tissue processing cassettes (one
cassette per experimental condition). The cassettes were placed into a beaker filled with 100
ml of 70% ethanol for short term storage (<2 hours). The cassettes were then placed into the
Leica ASP300 tissue processor (Leica Microsystems, UK) and processed with the protocol

shown in Table 2.1.
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Table 2.1. Tissue processing protocol for fibrin hydrogels

Step Chemical Step duration

1 70% Ethanol 30 minutes

2 90% Ethanol 30 minutes

3 100% Ethanol 10 minutes

4 100% Ethanol 10 minutes

5 100% Ethanol 10 minutes

6 100% Ethanol 10 minutes

7 Xylene 30 minutes

8 Xylene 30 minutes

9 Paraffin wax 2 hours

10 Paraffin wax 2 hours

Total time 6 hours and 40

minutes
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After processing the samples were removed from the cassettes and embedded in paraffin
wax using the Leica EG1150 tissue embedder (Leica Microsystems, UK). Embedded samples
were sectioned using the Lecia RM2265 microtome (Leica Microsystems, UK) generating 6
pum sections. Sections were mounted onto Superfrost Plus Adhesion Microscope Slides and
dried at 37°C overnight. For all stains, sections were deparaffinised in two changes of xylene
(5 minutes each), rehydrated in 70%, 90% and 100% ethanol (5 minutes each) and washed

in running tap water for 2 minutes. The following protocols were then used for each stain:

Alcian Blue staining — Following deparaffinisation the slide was placed into Alcian blue
solution for 30 minutes at room temperature. After the 30 minutes had elapsed the sample
was placed under running tap water for two minutes to wash away excess and unbound dye.
Finally the sample was rinsed in distilled water before being dehydrated and mounted as

outlined below.

Alizarin Red staining — Following deparaffinisation the slide was placed into Alizarin red
solution (pH 4.3-4.5) for two minutes before excess stain was shaken and the slide was

blotted dry. The sample was then dehydrated and mounted as outlined below.

H&E staining — Following deparaffinisation the cell nucleus was stained by submerging the
sample in Mayer’s haematoxylin solution for five minutes. The sample was then washed in
running tap water for one minute and then differentiated in 0.3% acid alcohol for 30 seconds.
The sample was then washed again in running tap was for 5 minutes and counter stained in
eosin for three minutes. The excess eosin was washed off by dipping the slide in distilled

water before dehydrating and mounted as outlined below.

Picrosirius Red staining — Following deparaffinisation the cell nucleus was stained by
submerging the slide in Weigert’s haematoxylin for eight minutes. Once the eight minutes
had passed the sample was washed in running tap water for 10 minutes before submerging
in picrosirius red solution for one hour at room temperature. After one hour the sample was
washed in two changes of acidified water before dehydration and mounting as outlined

below.

Dehydration and mounting — Following staining all sections were dehydrated in 90% ethanol
and two changes of 100% ethanol (30 seconds each) and cleared in two changes of xylene (1
minutes each). Sections were mounted with DPX mounting solution and imaged. H&E, Alcian
blue and Alizarin red images were acquired using the Nikon Eclipse Ci, picrosirius red images
were acquired using an Olympia BX60 in both brightfield and polarized light. All microscopy

images were taken using either a x4 or x10 objective.
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2.2.4.1. Calcium Quantification with Alizarin Red

After the hydrostatic pressure loading regime was completed, six samples from the
osteogenic media group were randomly selected. The samples were submerged in 1ml of
sterile PBS and washed in three changes three times. Once washed the samples were fixed
in 1% NBF for 30 minutes at room temperature and washed again in three changes of sterile
PBS. The samples were then stained with 1% Alizarin red solution (pH 4.1-4.3) for one hour
at room temperature followed by washing in three changes of sterile PBS. The first two PBS
washes were for one hour at room temperature, whilst the third wash was overnight at 4°C.
The osteogenic samples were imaged using a dissection microscope fitted with an HD digital
camera. Quantification of stained calcium in the osteogenic samples was achieved by de-
staining the samples in 5% cetylpyridinium chloride solution for 24 hours at 4°C, yielding a
purple solution containing the cetylpyridinium-Alizarin complex, which was quantified at 562
nm. Following the de-stain, some calcium deposits strongly associated with the matrix
remained stained. Standard curve was generated using 1% Alizarin red serial diluted in 5%

cetylpyridinium chloride (Henstock et al., 2014).

2.2.4.2. Alkaline Phosphatase Assay

Culture medium was collected at seven day time points throughout the experimental run for
all loading conditions (tensile, hydrostatic pressure and microgravity) From the collected
culture medium 50 pul was dispensed into a 96 well plate, along with 100 pl of p-nitrophenyl
phosphate, a phosphatase substrate that turns yellow (Amax= 405 nm) when
dephosphorylated by alkaline phosphatase after 10 minutes of incubation at room
temperature. Standard curves were generated with known concentration of bovine mucosa

alkaline phosphatase enzyme.
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2.2.5. Protein Extraction and Western Blotting

Complete extraction of collagen requires the addition of an enzyme as it is largely insoluble,
therefore simple grinding and suspending in lysis buffer would not give an accurate
representation of the collagen composition. Collagen solubilisation was done by digesting
the sample with the enzyme pepsin. In weak acid pepsin cleaves the N- and the C -terminal
telopeptides of the collagen molecule isolating the soluble triple helix from the insoluble

telopeptides (Qian et al., 2017).

To optimise the pepsin digest a number of pepsin (22,500 U/mg) concentrations were
trialled: 25, 50, 100 and 1000 pg/ml. The pepsin was suspended in a 0.5 M acetic acid with
25 mM Ethylenediaminetetraacetic acid (EDTA) solution, based on the solution used by
ChandraRajan (1978). Optimisation samples were generated by culturing fibrin hydrogels
(protocol as defined in section 2.2.3.1) between posts for two weeks in basic media with the
addition of 800 uM L-ascorbic acid (refreshed every 48 hours). After pepsin digestion was
complete the protein concentration was measured using the Bradford assay: the sample was
diluted 1:10 in distilled water and dispensed in triplicate into a 96-well plate. 200 pl of
Bradford reagent was then added to each well. Absorbance was measured at 470 nm using
the SPECTROstar Nano microplate reader (BMG LABTECH), this measured the total protein
found in the sample. The standard curve was generated with a serial dilution of bovine serum
albumin (BSA) (0-1000 pg). As can be seen in Fig.2.5, as pepsin concentration decreased the
extracted protein concentration increased. As 25 pg/ml pepsin produced the highest protein
concentration it was chosen as the concentration for experimental protein extraction. It
should be noted than no concentration below 25 pg/ml was tested and this may further

increase the collagen yield from the digested tissue.
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Figure 2.5. Protein concentration from fibrin hydrogels with varying pepsin concentration.
Statistical significance measured using one way Anova with Tukey’s multiple comparisons

(**** P<0.001, **** P<0.01, * P<0.5).
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At the end of each experimental run, samples were removed from culture, weighed, snap
frozen and stored at -80°C before digestion. Fig.2.6 outlines the 7 step process for digestion
and protein extraction. For SDS page analysis, expression of collagen types was normalised
to total protein, therefore soluble proteins were extracted (step 5a) before the samples were
digested by pepsin, which degrades non-triple helical proteins. Soluble protein extraction
was achieved by thawing the sample on ice and homogenising with a motorised pellet pestle.
The homogenised sample was then suspended in 75 pl of RIPA buffer and vortexed. The
sample was centrifuged at 10,000 g for 10 minutes at 4°C to separate the insoluble protein
(pellet) from the soluble protein (supernatant); the soluble protein was removed and stored
in a appropriately labelled tube at -20°C. The insoluble protein was suspended in the pepsin
solution (25 pg/ml pepsin, 0.5 M acetic acid and 20 mM EDTA) and placed on a plate shaker
overnight at 4°C. the digested sample then followed steps 5b and 6 with each NaCl molarity
taking 12 hours to complete. The undigested sample was re-digested with fresh pepsin
solution and again taken through steps 5b and 6. All extracted protein (both soluble and
insoluble) were then combined at step 7.

2. Sample

homogenised 3.H ised
. Homogenise
1. Sample using motorized 8

removed from sample re-suspended

pestle )
chamber and v ) in 75 pl RIPA buffer
blot dried
g‘ ‘ 7. All extracted soluble
and in-soluble protein
4. Sample from same sample was
centrifuged at thawed and combined

10,000 g for 10 5a. Soluble into one tube.

minutes supernatant
separating removed and

soluble and in- store at -20°C

soluble protei

5b. In-soluble pellet re- g (7 g
suspended in pepsin

solution and digested 6. Digested solution was salt precipitated to extract
collagen through three molarities of salt (0.9, 1.2 and
2.0 M) each for 12 hours. After each precipitation the

sample was centrifuged at 14,000g for one hour, the

overnight on rocker at
4°C. Non-digested sample
re-digested and repeated

from step 5b. supernatant was removed for the next molarity and the

pellet was re-suspended in RIPA buffer and store at -
20°C.
Figure 2.6. Collagen extraction flow diagram.
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Protein content was measured using the Pierce BCA protein assay following the
manufacturers protocol. The BCA assay uses bicinchoninic acid (BCA) to detect the reduction
of Cu®* to Cu* by protein in an alkaline medium. The assay works through two steps; the first
step is the chelation of copper with protein in the alkaline environment, which results in a
light blue complex and is known as the biuret reaction, where peptides containing three or
more amino acid residues form a complex with cupric ions. The second step is used to
enhance the detectability 100 times, compared to the first step alone. Here the colour of the
complex is developed by reacting with BCA, generating an intense purple colour which forms
due to the chelation of two BCA molecules with one cuprous ion. The BCA/copper complex
exhibits strong linear absorbance at 562 nm with increasing protein concentration. The
protein concentration was measured using the SPECTROstar Nano microplate reader (BMG

LABTECH).

The protein concentration was used to determine the volume of the sample required for SDS
page. For SDS page electrophoresis, 26 well, 1 mm, NuPAGE 3-8% Tris-Acetate midi protein
gels were used with the Criterion Vertical Electrophoresis system. Tris-acetate gels were
selected as they allow for the running of larger proteins with a range from 30-500 kDa. The
proteins analysed throughout this study range from 35 to 333 kDa allowing for complete
analysis with one gel type. Protein samples were thawed on ice, 15 pg of protein removed
from stock and added to an appropriately labelled 1.5 ml centrifuge tube; stock sample was
then returned to -20°C storage. 3.75 pl of NUPAGE LDS Sample Buffer and 1.5 pul of NUPAGE
Sample Reducing Agent (10X) was added to the protein sample and the volume made up to
15 pl with distilled water. The samples were vortexed and heated to 70°C for 10 minutes to
denature the protein. Once heated the samples were quickly centrifuged to collect any
condensation generated during heating. The Tris-acetate gel was loaded into the Criterion
system, as per the manufacturer’s instructions and the tank filled with NUPAGE Tris-Acetate
SDS Running Buffer (10X) diluted to 1x with distilled water. 5 pl of the Chameleon 800 Pre-
stained Protein Ladder was added to the first well, then the reduced samples added to the
remaining 25 wells in blocks of four or three depending on experiment, i.e. for the tensile
stimulation experiment, wells were loaded as: protein ladder, Control A, 3% A, 5% A, 10% A,
Control B, 3% B, 5% B, 10% B and so on. Electrophoresis was carried out at 150 V for one
hour. During the run the Criterion Blotter was prepared for the protein transfer. The sponges
and filter paper were submerged in NUPAGE Transfer Buffer (20X) diluted to 1X in 850 ml
distilled water and 100 ml methanol. Once the run was complete the gels were removed

from the chamber, broken out of the cassette and placed into the transfer system via the gel
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and membrane setup as defined by Bio-Rad (Fig.2.7). Nitrocellulose membranes were used

for transfers throughout this study.

Cathode (-) NG
Filter Paper

Gel
Membrane

Filter Paper
Anode (+) I

Figure 2.7. Gel and membrane setup for electrophoretic transfer.

Once the gel and transfer membranes were arranged correctly they were installed into the
Criterion Blotter system and the tank was filled with 1x NuPAGE Transfer Buffer. Protein was
transferred at 10 V for two hours, the gel was then discarded and the transfer membrane
was washed in distilled water before being stained with REVERT Total Protein Stain. The
membrane was incubated with the stain in the dark at room temperature for 5 minutes on
a rocker plate. Once stained, the REVERT solution was thoroughly decanted and the
membrane rinsed twice with REVERT Wash Solution. The membrane was imaged using the
700 nm channel on the Odyssey CLx imaging system (Li-cor, Nebraska, USA) generating a
fluorescent image for the total protein on the membrane (example shown in Fig.2.8A). The
membrane was briefly washed in distilled water before being blocked for one hour at room

temperature with 5% reconstituted dehydrated milk in TBS-T.

The blocking buffer was removed and the membrane was incubated overnight at 4°C with
the appropriate antibody diluted in 5% reconstituted dehydrated milk in TBS-T (antibody
dilutions are shown in Table 2.2) The primary antibody was removed and the membrane
washed three times with TBS-T before incubating at room temperature for one hour in the
appropriate secondary antibody (Table 2.2) diluted in 5% reconstituted dehydrated milk in
TBS-T at 1:10,000. The secondary antibody was removed and the membrane washed a
further three times with TBS-T. The membrane was imaged using the Odyssey CLx imaging
system at 800 nm (example shown in Fig.2.8B). Densitometry was performed on the acquired
images using the Empiria software (Li-cor, Nebraska, USA) with the targeted protein

expression normalised to the total protein expression.
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Figure 2.8. Example of western blot for chor;a.r—ogenic media samples stimulated under
hydrostatic pressure. (A) REVERT total protein stain of membrane, (B) Collagen lal probe on

membrane.

Table 2.2. Antibodies product number, supplier, dilutions and appropriate secondary

antibody.

Protein Product Dilution Secondary

number/Supplier Antibody
Collagen ai(l) ab138492/Abcam 1:1000 926-32213/Li-cor
Collagen ai(ll) sc-52658/Santa Cruz 1:500 926-32212/Li-cor
Collagen ai(lll) ab7778/Abcam 1:1000 926-32213/Li-cor
Collagen ai1(V) ab112551/Abcam 1:500 926-32212/Li-cor
Collagen a1(VI) sc-377143/Santa Cruz 1:500 926-32212/Li-cor
Collagen ai(IX) sc-376969/Santa Cruz 1:500 926-32212/Li-cor
Collagen al(X) ab182563/Abcam 1:1000 926-32213/Li-cor
Collagen a1(XI) ab64883/Abcam 1:500 926-32212/Li-cor
Collagen a1(XIll) ab121304/Abcam 1:500 926-32213/Li-cor
Collagen a1(XIV) ab101464/Abcam 1:500 926-32212/Li-cor
Collagen a1(XXV) MAS5- 1:500 926-32212/Li-cor

24533 /ThermoFisher
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2.2.6. RNA Extraction and gPCR

RNA was extracted from all sample by transferring fibrin hydrogels from culture to an RNase
and DNase free 2 ml centrifuge tube. For the tensile stimulated samples, each strain rate was
applied for a final two hours before transfer to the centrifuge tube, whilst hydrostatic
microtissues underwent a final one hour stimulation. All control and microgravity
microtissues were transferred directly to the centrifuge tubes. 300 pl of TRIzol was added to
each centrifuge tube and samples were frozen at -80°C. To extract RNA, samples were first
thawed on ice, then homogenised using the QIAGEN TissueRuptor Il before being drawn up
into a 1 ml syringe and passed through a 23 gauge needle into a fresh 1.5 ml centrifuge tube.
RNA was extracted using the phenol chloroform method: 60 ul of chloroform was added to
each homogenised sample in a 1.5 ml centrifuge tube. The samples were vortexed for 15
seconds before incubating at room temperature for 3 minutes. After incubation the samples
were centrifuged at 12,000 g for 15 minutes at 4°C. The upper aqueous layer was transferred
to a fresh RNase and DNase free 1.5 ml centrifuge tube, to which 150 pl of 100% isopropanol
was added. The samples were left for 15 minutes at room temperature to precipitate the
RNA. Samples were then centrifuged at 12,000 g for 10 minutes at 4°C, the supernatant was
removed and discarded. 300 pl of 75% ethanol was added to each sample to wash the pellet.
The samples were briefly vortexed and then spun down at 7,500 g for 10 minutes, the
supernatant was removed and discarded and the wash step was repeated. Samples were left
to air dry for 10 minutes in a fume hood before re-suspending RNA pellet in 11 pl ultra-pure
water. The quality and quantity of RNA was measured using the SPECTROstar Nano 2000
nanodrop (Thermo Scientific). 260/280 ratios between 1.6-2.1 were deemed acceptable.
cDNA was synthesised using the Bio-rad iScript kit in a 20 pl reaction with 0.2-1 g total RNA.
The 20 pul reaction comprised 0.1-11 pl extracted RNA, 1 ul iScript Reverse Transcriptase, 4
ul 5x iScript Reaction Mix and was made up to 20 ul with Nuclease free water. The reaction
was ran using the Veriti™ 96-well Thermal Cycler (Appled Biosystems, ThermoFisher).
Samples were initially primed at 25°C for 5 minutes, reverse transcription was applied at 46°C
for 20 minutes before the reverse transcriptase was inactivated at 95°C for 1 minute.
Samples were then stored at -20°C until required.

The gPCR reaction was ran using a Stratagene MX3005P instrument, were each sample is
present within a well of a 96-well plate. Each well contained 10 ng (0.2-3 pl) cDNA, 0-2.8 pl
(depending on sample volume) distilled water, 5 ul SYBR Green JumpStart Tag ReadyMix, 1
pl 10 uM Forward Primer, 1 ul 10 uM Reverse Primer and 1x reference dye (ROX). Fig.2.9

shows the thermal profile for qPCR reactions. Initial denaturing occurs during segment 1
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were samples are heated to 95°C for 5 minutes; following this 40 cycles were applied during
segment 2 starting with denaturing at 95°C for 10 seconds, annealing at 55°C for 10 seconds
and extension at 68°C for 30 seconds. The melt peaks were then generated during segment
3. gPCR data was analysed using the efficiency corrected ACT method (Pfaffl et al., 2004,
Svec et al., 2015).
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Figure 2.9. Thermal profile for gPCR.

Primers used were either designed in-house or purchased from QIAGEN (sequence not
provided) as shown in Table 2.3. Primer sequences were designed using Primer-Blast (NCBI)
or taken from published work. Sequence quality was confirmed using the IDT OligoAnalyzer
tool and the ThermoFisher oligo design tool (primer parameters shown in Appendix B).
Primers were tested for efficiency and melt peaks before use in experiments, Appendix C
details efficiency and melt peak analysis. The most suitable housekeeper genes for each
mechanical stimulation was confirmed using GeNorm (see Appendix D) and was found to be

YWHAZ for tensile stimulation and GAPDH for hydrostatic pressure and microgravity.
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Table 2.3. Primer sequences for investigated genes.

Gene Forward Reverse Origin
(Naranda et
COL1A1  CGGCTCCTGCTCCTCTTAG CACACGTCTCGGTCATGGTA 1, 2016)
al.,
CCAGTAGTCTCCACTCTTCC (Naranda et
COL2A1 CCAGATTGAGAGCATCCGC
AC al., 2016)
GGGTGAGAAAGGTGAAGG CATTACTACCAGGAGGACC .
CoL3A1 Designed
AG AG
COL5A1 NM_000093, QIAGEN QIAGEN
COL6A1 NM_001848, QIAGEN QIAGEN
COL9A1 NM_001851, QIAGEN QIAGEN
GCAACTAAGGGCCTCAATG  CTCAGGCATGACTGCTTGA .
COL10A1 Designed
G C
AATGGAGCTGATGGACCAC (Karaglani
COoL11A1 TCCTTTGGGACCGCCTAC
A et al., 2015)
TTTAGTTAGCACAGCGGGC CGCTCGAAATACACAGCAG .
COL12A1 Designed
A C
COL14A1 NM_ 021110, QIAGEN QIAGEN
COoL24A1 NM_ 152890, QIAGEN QIAGEN
DCN NM 133503, QIAGEN QIAGEN
SCXA NM 001080514, QIAGEN QIAGEN
TNMD NM_ 022144, QIAGEN QIAGEN
ATGGGGAAGGTGAAGGTC TAAAAGCAGCCCTGGTGAC .
GAPDH Designed
G C
YWHAZ CCGTTACTTGGCTGAGGTT TGCTTGTTGTGACTGATCGA (Lemma et

G C al., 2016)
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2.2.7. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was preformed externally at the department of
Veterinary Pathology and Public Health, Leahurst Campus, University of Liverpool by Miss
Marion Pope. Method for fixation, sectioning and imaging was provided by Miss Marion
Pope. Samples were prepared in the Institute of Ageing and Chronic disease before being

shipped to be imaged.

At the end of the three week loading phase during run 4, 5 and 6 one sample was randomly
selected from each group, the media was removed and the sample was washed in three
changes of sterile PBS within the bioreactor chamber. Once washed the samples were fixed
in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for four hours. After four
hours the tissue engineered tendon were removed from the anchor frame and placed into
labelled 1.5 ml Eppendorf’s with 1 ml of fresh glutaraldehyde buffer. The samples were then
shipped for imaging.

Once at the Leahurst campus the samples were cut into five pieces all approximately 1.6 mm
long (maximum embedding length 2 mm), along the transverse axis (Fig.2.10). The samples
were washed in 0.1 M sodium cacodylate buffer for 30 minutes, and underwent a secondary
fixation and contrast stain in 1% osmium tetroxide buffer for one hour. The samples were
again washed in the 0.1 M sodium cacodylate buffer before ‘en bloc’ staining with 2% uranyl

acetate in 0.69% maleic acid (pH 4.5).

Transverse
axis cut

Imaging

direction

Figure 2.10. Axis the fibrin hydrogels were cut along for TEM analysis and direction fibrin

hydrogel was imaged in.

Upon completion of the fixation process the samples were dehydrated through two changes
of ascending ethanol concentration of 50%, 70% and 90% for five minutes each, three
changes of 100% ethanol for ten minutes each and three changes of 100% acetone for five

minutes each.
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After the samples had been dehydrated, Taab epoxy resin was used to infiltrate the samples
with ascending resin-acetone mixes with an initial ratio of 1:3 resin to acetone for one hour,
then 2:2 resin to acetone for one hour, 3:1 resin to acetone for one hour and finally 100%

resin for two hours.

Resin infiltrated samples were left to polymerise overnight at 60°C. Once polymerised the
samples were sectioned. For Toluidine blue staining the samples were sectioned to semi-thin
sections (0.5 um) on a Reichert-Jung Ultracut ultramicrotome (Leica Microsystems) and
stained with 1% Toluidine blue in 1% borax. Toluidine blue staining was used to highlight

areas of collagen deposition to allow for more targeted TEM imaging.

For TEM the samples were cut to ultrathin sections (60-90 nm) with a ‘Diatome’ ultra-
diamond knife on a Reichert-Jung Ultracut ultramicrotome and mounted on a 200 mesh
copper grid. The sample was contrast stained with saturated soluble uranyl acetate in 50%
methanol for 5 minutes, followed by Reynolds lead citrate stain for 5 minutes. All TEM
images were taken using the Phillips EM208S transmission electron microscope at 80 kV
(ThermoFisher, Massachusetts, USA). To correctly measure the samples the magnification
was calibrated. For the x110,000 objective, 23 spheres with known diameter of 0.09 um
diameter were imaged using the EM208S transmission electron microscope. The calibration
images were imported to Image J/Fiji (Schindelin et al., 2012) and the known diameter was

used to correctly set the scale bar for subsequent image analysis.

Allimage analysis was completed using Image J/Fiji (Fig.2.11), first the images were imported
to the programme and the 100 nm scale bar was correctly set to 113.84 nm. FThe extreme
intensities in the image was next removed by despeckling followed by noise smoothing by
applying a Guassian’s blur. The cleaner image then had the sigma value (radius) set tol and
a threshold was taken to minimise fibril merging. The thresholded image was then made
binary and using the ctrl + f shortcut the empty spaces in the fibrils were filled. Any fibrils
that remained merged following the previous processing were separated by applying a
watershed to the image. To measure the fibrils the measurements were set to “acquiring the

area”, “ shape description”, “perimeter” and “fit ellipse”. Finally the fibrils were measured

by selecting “show outlines”, “display results” and “exclude on edges”.
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Figure 2.11. TEM image pfocessing. 1) TEM images opened in Imagel, 2) images despeckled, 3) Guassians blur applied to smooth noise, 4) threshold of images

acquired, 5) TEM fibril analysis complete, all measurements taken and fibrils assigned numbers. Scale bars represent 100 nm.
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2.2.8. CNA35 Collagen-Probe

The CNA35 collagen probe was used to image collagen generated by MSCs in response to
tensile stimulations within fibrin hydrogels. The CNA35 collagen probe was used in place of
traditional antibody staining as it is non-specific and so highlights all fibrillar collagen within
the structure rather than the antibody specific isoform. The probe is approximately five times
smaller than antibodies that bind to collagen therefore making staining of 3D structures
more comprehensive as a greater proportion of collagen fibrils are exposed to the probe

(Megens et al., 2007).

To generate the CNA35 collagen-probe, a plasmid vector, pQE-30, containing CNA35
(provided by the Mangus Ho66k group, Texas A&U University to Dr Elizabeth Laird
(supervisor)) was added to Escherichia coli on ice, the mixture was heat shocked at 42°C for
30 seconds. Colonies were grown up on LB-ampicillin plates overnight. A single colony was
selected and added to 25 ml of LB broth and incubated overnight at 37°C, 250 rpm. The
following day the 25 ml culture was inoculated with 500 ml LB broth and grown further at
37°C, 250 rpm. The OD600 value was monitored until it reached 0.1. Once the OD600 value
reached 0.1, 1 mM Isopropyl B-d-1-thiogalactopyranoside (IPTG) was added to the culture

inducing protein expression (CNA35). The culture was grown for six hours at 37°C, 250 rpm.

To confirm the protein had been produced by the bacteria, a sample of the DNA was run on
a 1% agarose gel. DNA was extracted using PureYield plasmid Minipreps following the
manufacturer’s protocol. 5 ml of 2x YT medium was inoculated with 50 ml of the bacterial
culture overnight at 37°C. The following day 5 ml of the overnight culture was centrifuged at
8000 rpm for 3 minutes at room temperature. The pellet was then re-suspended in 250 pl
buffer P1 and transferred to a 1.5 ml centrifuge tube. 250 pl of buffer P2 was added and
mixed by inverting the tube until the solution turned blue. The sample was then incubated
at room temperature for 5 minutes. 350 pl of buffer N3 was added and mixed by inverting
tube until the solution turned colourless. The sample was then centrifuged at 8000 rpm for
10 minutes. The supernatant was added to a QlAprep spin column and centrifuged at 8000
rpm for 30-60 seconds before the flow through was discarded. The QlAprep spin column was
washed with 500 ul buffer PE and re-centrifuged as before. The QlAprep spin column was
moved to a collection tube and centrifuged at 8000 rpm for 1 minutes to remove residual
wash buffer. The QlAprep spin column was placed into a clean 1.5 ml centrifuge tube and 60
ul buffer EB was added and incubated at room temperature for 1 minute before centrifuging

for a further minute, the solution was taken forward for DNA analysis. DNA concentration
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was found to be 57.9 ng/ul using the SPECTROstar Nano 2000 nanodrop (ThermoFisher,
Massachusetts, USA).

The DNA was cut using two enzymes, BamHI-Fl and Pstl-HF, and ran on a 1% agarose gel. The
gel was made by dissolving 1 g of agarose in 100 ml TAE buffer. Once dissolved the 1%
agarose solution was poured into a gel mold and 5 pul of PeqGREEN was added and mixed in,
a comb was placed in position and the gel was left to set (approximately 30 minutes). 17.3
pl (1 ug DNA) of the sample was mixed with 5 pl cutsmart buffer and 1 pl of each enzyme,
the sample was then diluted with 25.7 pl of sterile distilled water to generate a 50 pul sample.
The solution was incubated at 37°C for 15 minutes. 10 ul of DNA Gel Loading Dye (6x) was
added to the sample. 10 pl of Tracklt 1 Kb Plus DNA ladder was dispensed into the first well
of the 1% agarose gel and 60 ul of the sample into the second well. The gel was run at 90 V
for 40 minutes and then imaged using the Chemicdoc Chemiluminescence imager (Bio-Rad)
as shown in Fig.2.12. Two bands appear on the gel, one near 4000 bp and one near 900 bp.
This agrees with what was expected to be seen; once cut by the BamHI-FI and Pstl-HF
enzymes the vector pQE-30 should appear at 3461 bp and the cut away CNA35 should appear
at 948 bp, therefore the vector appeared to have been successfully been taken up by the

bacteria.

Sample

Ladder

4000 bp 1000 bp

Figure 2.12. 1% agarose gel electropgoresis of DNA extracted from bacteria grown with
CNA35 plasmid. Two products on gel at approximately 3500bp and 900bp, the two products
are consistent with the pQE30 vector (3461 bp) and CNA35 (948 bp).

The protein was extracted and purified from the culture broth (475 ml remaining after DNA
analysis) using the BugBuster Ni-NTA His-Bind purification kit. 40 ml aliquots were dispensed
into 50 ml centrifuge tubes and centrifuged at 10,000 g for 10 minutes. The supernatant was
removed and stored as lysate 1. The pellets were combined and resuspended with BugBuster
protein extraction reagent (BBPER). 5ml of BBPER was added per 1 g of cell pellet. Benzonase
nuclease was added to the suspended cells as 1 ul per ml of BBPER. The cell suspension was
incubated on a shaking platform on a low setting (approximately 25 rpm), at room

temperature for 20 minutes (suspension should no longer be viscous due to the benzonase
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nuclease). The suspension was transferred to a centrifuge tube and spun down at 16,000 g,
4°C for 30 minutes to remove insoluble cell debris. The soluble protein supernatants were

pooled together in a fresh tube and the cell debris was re-suspended as lysate 2.

The supernatants were next passed through a chromatography column to filter the soluble
protein (reagent listed in Appendix E). 1 ml of 50% Ni-NTA His bind slurry was added to 4 ml
of the binding buffer and mixed gently. The resin was left to settle by gravity and then 4 ml
of the supernatant was removed and added to a capped column. Imidazole was then added
to the soluble protein solution to a final concentration of 10 mM. The solution was run
through the chromatography column, followed by two washes with 8 ml of wash buffer
(wash flow through kept as wash 1 and wash 2). Protein was then eluted through six runs of

1 ml elution buffer, each elution was stored separately as elution 1-6.

Protein content was investigated using SDS page (Fig.2.13). Samples (lysate 1, lysate 2, wash
2, wash 2, elution 1, elution 2, elution 3, elution 4, elution 5 and elution 6) were diluted with
4x SDS sample buffer and heated at 85°C for 3 minutes. Gel electrophoresis was performed
using the Mini Gel Tank with 4-12% Tris-glycine WedgeWell gels, 10 ul of Novex Sharp Pre-
stained Protein Standard was loaded in wells 1 and 6 and 40 pl of the samples loaded in wells
2-5 (lysate 1 and 2, wash 1 and 2) and 7-12 (elution 1-6). The Mini Gel Tank was filled with
1x Novex Tris-Glycine SDS running buffer and gels ran at 225 V for 40 minutes. Once ran the
gel was removed from the Mini Gel Tank and washed three times (5 minutes per wash) in
distilled water. The gel was then incubated on a rocking plate in GelCode Blue Stain Reagent
for one hour at room temperature. Once stained the gel was imaged using the Chemidoc
chemiluminescence imager (Bio-Rad, California, USA) (Fig.2.13). Based on the SDS page
results, eluates 3 and 4 were pooled and taken forward to generate the collagen probe, other

elutions were stored at -20°C.
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Ladder Lysate 2 Wash 2 Elutate 1 Eluate 3 Eluate 5
Lysate 1 Wash 1 Ladder Eluate 2 Eluate 4

Eluate 6

Figure 2.13. SDS-PAGE gel of extracted protein from CNA35 culture. Gel was stained with
GelCode blue revealing larger amounts of protein at 35 kDa corresponding with the

molecular weight of CNA35. Elutes 3 and 4 were pooled for subsequent use.

Eluates 3 and 4 were pooled together and added to an Amicon Ultra-15 centrifuge filter unit
and centrifuged at 4000 g for 20 minutes, flow through was discarded. 10 ml of sodium
bicarbonate buffer was then added to the membrane and the unit was again centrifuged at
4000 g for 15 minutes, flow through was discarded. The addition of sodium bicarbonate
buffer and centrifugation was repeated twice. The concentrated protein was then suspended

in 1.5 ml of buffer and recovered by pipetting out of the filter.

Protein concentration was measured using the BCA protein assay kit. The absorbance was

found to be 1.155 resulting in a protein concentration of 17961.1 pug/ml. Next the DyLight
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488 NHS ester dye was bound to the protein. To calculate the amount of dye needed the

following equations were applied:

Sample total protein = total volume (ml) X 17.96 = 0.117 ml x 17.96 = 3.13 mg [1]

. __ total protein
Amount of DyLight 488 = MW of protein X MW of fluor X Molar fold excess [2]

~ 35000

X 1011 x 15 = 0.9099 mg of fluor

The molecular weight (MW) of protein was obtained from the manufacturer (ThermoFisher,
Massachusetts, USA). The MW of DyLight 488 was found from the manufactures data sheet.

Volume of dye to add = mg of fluor X 100t [3]

1mg
= 0.9099 x 100 =90.99 ul NHS — ester fluor at 10 mg/ml

100 pl of Pierce Dimethylformamide (DMF) was added to DyLight 488 and pipetted up and
down to mix. The solution was left to dissolve for 5 minutes at room temperature before
vortexing. 90.09 ul of the DyLight 488 solution was added to 174 pl of the sample, mixed by
pipetting up and down and incubated at room temperature for 1 hour in the dark. The now
labelled protein was added to a fresh Amicon Ultra-15 centrifuge filter unit to remove excess
dye. The filter was topped up with 10 ml sterile PBS and centrifuged at 4000 g for 20 minutes.
The flow through was discarded, 10 ml of sterile PBS was added and the sample was re-

centrifuged for 15 minutes at 4000 g. The sample was suspended by adding 10 mL PBS’ to

the filter and extracting carefully with a pipette.

Conformation that the DyLight 488 had bound to the protein was achieved by measuring the

absorbance using the SPECTROstar Nano 2000 nanodrop (ThermoFisher, Massachusetts,
USA) (Fig.2.14).

m Absorbance
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Figure 2.14. Nanodrop results to investigate the success of the DyLight 488 binding. Values

for 280nm and 488nm recorded for calculations.
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The Azso and Amax (Mmax wavelength of DyLight 488 is 493 nm) values were recorded. A;sowas
found to be 1.72 and Amax was found to be 5.412. The following calculations were used to

confirm the success of the DyLight binding:

AZBO_(AmaxXCF)]

Protein Concentration (M) = [ (4]

Eprotein

Where CF is the correction factor, given by the manufacturer (ThermoFisher) as 0.147 for
DyLight 488 and Eprotein is the protein molar extinction coefficient which is 33176M™ cm™,

given by the manufacturer (ThermoFisher).

[1.72 — (5.412 x 0.147)]
33176

Protein Concentration (M) = =2.786x10"°>°M

Amax of the labeled protein

(5]

Moles dye per mole protein = : :
EfluorXprotein concentration (M)

Where Equor is the molar extinction coefficient at Amax, given by the manufacturer
(ThermoFIsher) for DyLight 488 as 70,000M™*cm™.

5412

=2.77
70000 X (2.786 x 10-5)

Moles dye per moles protein =

CNA35 was therefore assumed to have almost 3 moles dye per moles protein, consistent

with previous work (Krahn et al., 2006)

The CNA35 collagen-probe was applied to fixed triplicate tensile stimulated samples from
each tensile stimulation group at the end of the three week loading period. Sample
processing was applied through the combination of two protocols previously published,
sample fixation and sectioning is outlined by Short et al. (2017) and CNA35 staining by
Megens et al. (2007).

Short et al (2007) demonstrates the use of a vibrotome to section the samples to 100 um
thick as vibratomes are frequently used for delicate tissues such as brain which has similar
modulus to that of fibrin hydrogels (Miller et al., 2000, Breidenbach et al., 2015). At the end
of the three week loading phase a sample from each tensile group was fixed in 1% NBF for
30 minutes within the bioreactor chamber. Once fixed the sample was removed and placed
into a weighing boat dish. Low melting point agarose was mixed with PBS to a final
concentration of 6% and melted. Once melted the agarose was poured over the sample in
the weighing boat and left to set. A rectangle was cut around the sample encased in agarose

removing excess, which was mounted onto a in house developed 3D printed platform on the
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vibrotome and fixed in place with Loctite superglue (Fig.2.15). The sample was covered in
PBS and the vibrotome set to speed 3 and frequency 8. 100 um sections were cut from each
sample in the longitudinal direction (along the fibre axis) and stored in 500 pl PBS in a 24 well
plate (one well per sample) at 4°C.

B C D E
U I e L.

Figure 2.15. Schematic of the sample preparation process for vibrotome sectioning. (A) Fixed

A

sample placed into weighing boat. (B) Weighing boat filled with low melting point agarose.
(C) encased tissue engineered tendon removed from weighing boat and excess agarose cut
away. (D) sample mounted onto 3D printed vibrotome platform and held in place with

superglue (top view). (C) side view of the sample mount on the 3D printed platform.

Once all sections were cut they were stained with the CNA35 collagen-probe and DAPI. The
samples were moved from PBS to Tris-buffered saline (TBS). The TBS was generated from
136.9 mM/I NaCl, 5 mM/I Trizma Base, 0.1% Tween 20 and 1% Bovine Serum Albumin. All
solutions were suspended in TBS. First, endogenous peroxidase activity was blocked and
each section was permeabilized with 3% hydrogen peroxide in methanol for 15 minutes at
room temperature. The sections were then washed in three changes of TBS before
incubation in 0.1% pepsin (22,500 U stock) in 0.01 M HCL for 30 minutes at room
temperature. Sections were again washed with three changes of TBS and then incubated in
1 M CNA35 collagen-probe and 1:40 phalloidin 647 for one hour at room temperature in
darkness. Dye was discarded and the sections were washed with three changes of TBS. 1%
DAPI in TBS was then added to each section and samples were incubated for 20 minutes in
darkness. Sections were washed in two changes of TBS and stored in a final change of TBS at

4°C.

Sections were imaged on the Confocal LMS800 (Zeiss). Acquisition information is shown in
Appendix F. Phalloidin was not detected so is not shown in any images. Images were saved
as CZI files for storage and TIFF files for analysis. Images were taken in two distinct regions,
the mid region and the anchor point region (Fig.2.16). It was hypothesised that the anchor
point region would be less aligned compared to the mid region as previous studies have
shown a less uniform stresses in these regions (Lee et al., 2017, Atkinson et al., 2020). The

anchor point region was therefore used as an internal control.
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Figure 2.16. Anchor point region and Mid region highlight on fibrin hydrogel installed within

the 3D printed chamber.

Image analysis was preformed using the Image J plugin Orientation) (BIG). Images were
imported into ImageJ and transformed into 16-bit monochromatic images. The fluorescent
channels were separated by selecting Image > Color > Split Channels. The channels not

corresponding to the CNA35 collagen-probe were closed (Fig.2.17).
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Figure 2.17. CNA35 mage opened in Image J, channels split and non CNA35 collagen-probe

channels closed.

Once the CNA35 channel was the only channel open the Orientation) plugin was ready to be
used. First the mode fibre angle was determined by selecting Plugin > Orientation) >
Orientation) Dominant Direction. This value was later used to normalise the fibre angles
across all images. Next all fibre angles were determined by selecting Plugins > Orientation) >
Orientation) Distribution, from here the fibre angle was displayed as frequency of fibres at a

particular angle, from -90° to 90° at 0.5° increments.

By subtracting the dominant direction from all values the mode across all images was
normalised to 0°. To get all angles to lie between -90° to 90° any normalised angle that lay

outside this range was either subtracted by 180° (if higher than 90°) or 180° was added to
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the value if it was lower than -90°. The mean percentage frequency distribution was then
found for each repeat sample and the mean was then found for each group for statistical

analysis.

The angle distribution was visualised by selecting Plugin > Orientation) > Orientation)
Analysis. Once ran a coloured representation of the original image is generated; here the
fibres are designated a colour based on the angle of the fibre, the colour key is shown in
Fig.2.18. The more aligned the fibres are in the image the more constant the colour is across

the image, for example, 100% aligned fibres would all be one colour.

Figure 2.18. Colour key for Orientation) images generation.
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2.2.9. Mineralised Hydrogel Imaging by Micro-Computed

Tomography

Following the completion of the experimental run (either one week of static culture followed
by three weeks of hydrostatic pressure stimulation or three weeks of microgravity culture)
six microtissues were randomly selected from each group and arranged within the imaging
tube as required (Fig.2.19). Samples were spaced using cut polystyrene and the tube was

sealed with parafilm.
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Figure 2.19. Example arrangement of samples in imaging tube for uCT.

Samples were then scanned by UCT using a Skyscan 1272 system (SKYSCAN, Belgium) with a
rotation step size of 0.4° over 180°, an isotropic resolution set at 9 um, X-ray source at 50 kV
and 200 pA, 0.5 mm aluminium filter, 2x2 camera binning and average on. Images were
reconstructed using Skyscan NRecon software (SKYSCAN, Antwerp, Belgium) which provides
images of the analysed hydrogel slice-by-slice. Reconstructions were then reorientated in
Skyscan’s -Data-Viewer- software (SKYSCAN, Antwerp, Belgium) and volume of interest were
selected for analysis. The volume of interested was then analysed using Skyscan CT-Analyser
(SKYSCAN, Antwerp, Belgium) for mineralisation using a macro (details in Appendix G) with
a fixed threshold to differentiate mineralised ECM from non-mineralised ECM. To find the
hydrogel density the Skyscan 1272 system was calibrated using Bruker-MicroCT BMD
calibration phantoms. The phantoms were supplied in pairs with concentrations of calcium
hydroxyapatite of 0.25 and 0.75 g/cm>. Due to the size of the hydrogels, 2 mm diameter
phantoms were used (smallest available). Calibration was achieved using the attenuation
coefficients following guidelines supplied by Bruker (Bruker-Mikro-CT, 2010). First the
phantoms were imaged by the Skyscan 1272 system using the same settings as for the
hydrogel samples. The image was then reconstructed using the NRecon software and region

of interests generated using the -Data-Viewer- software. Finally the attenuation coefficient
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was calculated using the CT-Analyser software with a macro (details in Appendix H) for both
of the phantoms (found to be 0.029817 for the 0.25 g/cm? phantom and 0.061498 for the
0.75 g/cm?®phantom), and this then factored into the density calibration. The density for the

hydrogels was calculated using the same macro.
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2.2.10. Tensile Mechanical Testing

Mechanical testing was performed on one sample from each tensile stimulation group
(control, 3%, 5% and 10%) at the end of the three week loading phase from run 4, 5 and 6.
To improve ease of handle of the engineered tendon, paper frames were used to hold
samples in position (Fig.2.20). One paper frame was laid out on a flat surface and the
engineered tendon sample was removed from the bioreactor chamber by breaking it away
from the anchor frame before being laid lengthways in the middle of the paper frame. A
second paper frame was then laid on top of the engineered tendon sandwiching it between

the two frames (Fig.2.20).

/ Paper Frame

<+— Engineered Tendon

Paper Frame

Figure 2.20. Schematic of fibrin hydrogel within paper frame.

Once the engineered tendon was secured within the paper frames it was moved to the
tensile tester grips (Fig.2.21A). The system used for tensile testing was the Univert CellScale
with a 1 N load cell. The fibrin hydrogels were tested for hysteresis, stress relaxation and
stiffness, a graphical schematic of the testing regime is depicted in Fig.2.21B. Pre-

conditioning was performed during the four cycles of hysteresis testing.

10.5+

9.0 Stiffness
7.5
6.0— Stress

Hysteresis Relaxation

4.5+
3.0+
15+ | =
00— 1 T T T T
© @ PP PP PSSP SRS

Displacement (mm)

Time (s)
Figure 2.21. Tensile Mechanical testing. (A) Fibrin hydrogel sample loading into the Univert

tensile tester (CellScale). (B) Graphical schematic of tensile testing loading regime
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Following tensile testing the mechanical properties were calculated using the following
equations:

Stress: o = 2 [6]

Where F is the recorded force and A is the cross sectional area (before loading)
Strain: € = % [7]

Where Al is the change in length and | is the initial length

Hysteresis (energy disipitated) = Area between curve  [8]

Hysteresis = Area below loading curve — Area below unloading curve

Hysteresis
YILeTes x100  [9]
Area below loading curve

Percentage Energy loss =

Rate of change of Stress = @ (10]

Where oy is the initial stress (at 0s), 0eo is the final stress (at 60s) and T is the relaxation time

(60s during this study).

Young's Modulus: E = Z [11]
&
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2.3. Statistical Analysis

Cyclic Tensile Stimulation: A total of six experimental runs were performed, using three
separate bioreactor chambers which were used for all loading conditions each to account for
any hardware variation between bioreactor chambers. Samples taken for experimental
repeats for each analysis were selected from across the six bioreactor wells by random

determination using an online tool (www.random.org/sequences/) and varied across each

run. In run #1, #2 and #3 two samples from each loading condition were taken for western
blot analysis, and two samples for gPCR analysis, with two spare (n=6 total). In run #4, #5
and #6 one sample was taken for histology, one sample for collagen probe imaging, one
sample for mechanical testing, and one sample for TEM with two spare samples (again n=6
total). One-way analysis of variance (ANOVA) with Tukey’s post hoc test and multiple
comparison tests was used for gene analysis, western blot analysis, collagen probe analysis
and mechanical testing all carried out using GraphPad Prism 9. Where residuals did not meet
assumptions of normality (Shapiro-Wilk test) or equal variance (Brown-Forsythe test) data
were transformed before analysis. Two-way ANOVA with Tukey’s post hoc test and multiple
comparisons was used for the Alkaline Phosphatase analysis after data was confirmed to be
normally distributed and equal variance confirmed with Spearman’s test. Non-parametric

data was analysed using the Kruskal-Wallis test.

Statistical analysis of collagen fibril diameters using TEM was undertaken in R (R, Version
4.0.3) (RCoreTeam, 2020) and performed by Mr. Daniel Green (University of Liverpool). The
Imer function from the package Ime4 was used to fit linear mixed models to assess
differences in measured outcome variables between different loading conditions (Bates et
al., 2015). In all cases, the measured outcome was specified as the response variable, the
loading condition as the fixed effect and the run of the experiment as the random effect. For
TEM analysis the means of the minimum diameters were determined for each image and
different images accounted for with the specification of run as a random effect. Estimated
marginal means and Tukey adjusted p values were extracted using the emmeans package

(Lenth, 2020).

Hydrostatic Pressure: Samples taken from experimental repeats for each analysis were

selected by random determination using an online tool (www.random.org/sequences/).

One-way ANOVA with Tukey’s post hoc test and multiple comparison tests was used for gene
analysis of COL9A1 and COL24A1, densitometry for collagen al1(Xl) and the Alizarin red assay.

Where residuals did not meet assumptions of normality (Shapiro-Wilk test) or equal variance
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(Brown-Forsythe test) data were transformed before analysis. Two-way ANOVA with Tukey’s
post hoc test and multiple comparisons was used for all remaining analysis after data was
confirmed to be normally distributed and equal variance confirmed with Spearman’s test.
Where residuals did not meet assumptions of normality or equal variance data were
transformed before analysis non-parametric data was analysed using the Kruskal-Wallis test.

All statistical analysis was carried out using Prism 9.

Microgravity culture: Samples taken from experimental repeats for each analysis were

selected by random determination using an online tool (www.random.org/sequences/).

One-way ANOVA with Tukey’s post hoc test and multiple comparison tests was used for gene
analysis, western blot analysis, sample weight and pCT analysis. Principle component analysis
(PCA) on the genes was based on eigenvalues and carried out in Prism 9. Where residuals did
not meet assumptions of normality (Shapiro-Wilk test) or equal variance (Brown-Forsythe
test) data were transformed before analysis. Two-way ANOVA with Tukey’s post hoc test and
multiple comparisons was used for ALP analysis after data was confirmed to be normally
distributed and equal variance confirmed with Spearman’s test. Non-parametric data was

analysed using the Kruskal-Wallis test. All statistical analysis was carried out using Prism 9.
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Design and validation of 3D printed universal

tensile bioreactor chamber
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3.1. Introduction

3.1.1. Bioreactors for Tendon Tissue Engineering

One of the fundamental obstacle to research in tissue engineering is the variety of
bioreactors available, with very few research groups using identical or comparable platforms.
This is highly apparent with tensile stimulation bioreactors were studies typically use custom
made tensile bioreactors or commercially available systems such as the EBERS TC-3 and
CellScale MC series. A search of literature published between January 2016 and March 2020
indicates that for cyclic loading studies focusing towards tendon tissue engineering, three
groups published data generated using a CellScale bioreactor (Garcia et al., 2018, Wu et al.,
2017, Sensini et al., 2019) and one group published using an EBERS TC-3 bioreactor (Deniz et
al., 2020), with over twenty using custom designed bioreactors (Burk et al., 2016, Talo et al.,
2020, Raveling et al., 2018, Engebretson et al., 2018, Youngstrom et al., 2016, Qiu et al., 2016,
Carroll et al., 2017, Grier et al., 2017, Subramanian et al., 2017, Brandt et al., 2018, Lee et al.,
2018, Liu et al., 2018, Patel et al., 2018, Raimondi et al., 2018, Wunderli et al., 2018, Grier et
al., 2019, Hsiao et al., 2019, Atkinson et al., 2020, Banik and Brown, 2020, Ciardulli et al.,
2020, Tohidnezhad et al., 2020). Furthermore, many research groups are moving towards
combination strategies for tissue engineering, using increasingly complex combinations of
scaffolds, cells and biomolecules. A clear requirement for greater reproducibility and
consistency in approach is needed to enable repeatable consistency between these different

approaches for both research and translation towards clinical therapies.

Regardless of the specific bioreactor (commercial brand or custom-built), all of these systems
share similar design characteristics: a culture chamber enabling mechanical stimuli to be
applied to the cells in a sterile environment, with the force applied by a linear actuator
controlled by displacement software. To apply tensile forces to cells, the biological material
must form an interface with the loading hardware via a direct friction grip or clamp, pinning
a mature (usually ex vivo) tissue in place, or incorporation of the biological sample with a
loading anchor during the formation of the tissue. In most tensile bioreactors, one end of the
sample is typically held in a fixed position, while the second is attached to a linear actuator,

permitting movement in just one axis.

3D printing is a now established technology for rapid prototyping and manufacturing of
simple and complex parts and components. Usefully for the research community, it also

enables free sharing of designs, tools and technologies to facilitate greater reproducibility of
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experimental approaches and methodology. Here 3D printing has been used to design and
test an optimised bioreactor chamber for engineering tissues under cyclic tensile loads. The
first of these design criteria were that the bioreactor culture chamber should have six
isolated wells to enable either simultaneous stretching of up to six differently treated
samples, or an effective n=6 number of experimental repeats. This design criterion was
paramount since many commercially available bioreactor chambers have a single
unsegregated volume which does not allow for statistically distinct repeats (Carroll et al.,
2017, Wu et al., 2017). This also overcomes a limitation imposed by the conventional single-
well set up, which necessitates serial rather than parallel experimental runs and forces a
compromise between experiment loading time and n-number. Based on the available
literature, it was determined that each of the six wells should have a displacement volume
of 6 mm to allow the culture of a variety of engineered tissues, whilst ensuring the tissues
can remain submerged in 3-5 ml culture media subject to the application, for example, the
size of the engineered tissue construct. The media volume was carefully considered based
on the volumes typically used in a 6-well cell culture plate, and optimised to provide

sufficient nutrient availability and buffering during culture, whilst minimising media wastage.

3.2. Hypothesis

3D printing will allow the design and fabrication of a universally usable bioreactor chamber
that, with minimal manipulation, can be fitted to a wide range of custom and commercially

available systems.

3.3. Aims

1. To design and manufacture a 3D printable system that allows for user friendly and
reproducible cyclic uniaxial tensile stimulation.

2. Investigate the bio-compatibility of the fabrication materials for cell culture
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3.4. Bioreactor Chamber Fabrication

3.4.1. 3D Printing
All prototypes and final components were designed using Creo Parametric (Fig.3.1). The
designs were saved as an STL (StereoLithography) file and exported to CURA (Fig.3.2), were
the software converts STL files to gcode files that can be read by the Utimaker 2+ for 3D

printing.

Figﬂure 3.1. Bioreactor chamber CAD during design process in Creo Paran’:etric.

For prototype prints the print settings were maintained as default; 0.4 mm nozzle, PLA
filament, fine (0.1 mm) layer height and 100% infill (Fig.3.2A). Print setting for the bioreactor
chamber were changed to reduce the time taken to complete the printing. If the print
settings were maintained the main body would have taken two days, 14 hours and 54
minutes to 3D print. By increasing the nozzle size to 0.6 mm, increasing the layer height to
0.15 mm and reducing the infill to 40% the print time reduced to 12 hour and 58 minutes
without compromising the quality of the print (Fig.3.2B). This option isn’t available for
smaller components as the larger nozzle doesn’t have the resolution to print the more

detailed sections.
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Figure 3.2. CAD on CURA software. (A) 3D printed anchor post mark 5 generated in CURA.
(B) Main body of culture chamber mark 1 design generated in CURA

For the final designs of the culture chamber three components required 3D printing: the
chamber body, the 6-way tensile arm and the tensile runner (Fig.3.11). The print settings for

the chamber body were (this includes support prints and no brim):

e Nozzle diameter — 0.6 mm
e Filament —PLA

e Layer height —0.15 mm

o Infill—30%

This took 23 hours and nine minutes to print using 243 g (30.72 m) of PLA filament.

The print setting for both the 6-way tensile arm and tensile runner were (this includes

support prints and no brim):

e Nozzle diameter — 0.4 mm
e Filament—PLA

e Layer height —0.1 mm

e Infill —50%

The 6-way tensile arm took six hours and 15 minutes to print using 29 g (3.63 m) of PLA
filament. The tensile runner took six hours and 12 minutes to print using 33 g (4.15 m) of PLA

filament.

In total the 3D printed components took 35 hours and 36 minutes to print using 305 g (38.5
m) of PLA filament. To print with the ultimaker 2+ using PLA filament the build plate was first
coated with glue stick, and then heated to 60°C. The nozzle was heated to 210°C to allow the
PLA filament to extrude through. Once all components reach temperature the 3D printer

automatically begins to print the component.

127



Chapter 3

Once printed, finishing was applied to all components. Any support structures were cut away
and rough areas were filed down. Thread inserts were installed using a pillar drill (on the top
face for the grub screws and rear face for the tensile arm runner screws). The interior of the
chamber body was coated with XTC-3D ‘Smooth on’ High Performance 3D print coating (an
oxirane epoxy resin used to waterproof the chamber), cured overnight and washed with PBS.
The XTC-3D was prepared as specified by the manufacturer; part A (resin) and part B
(hardener) were mixed at a ratio of 2:1 and applied as a thin coat to the base and walls of
each culture well. The chamber was then left to cure overnight. The base of each culture
well was then coated with polydimethylsiloxane (PDMS) Sylgard-184 to prevent the cell
embedded hydrogels from sticking to the well base during loading. The Sylgard-184 was
prepared according to the manufacturer’s instructions, and mixed with the curing reagent at
a ratio of 9:1 in a 50 ml centrifuge tube, then left to mix on a rotormixer for 10 minutes at
room temperature. 1 ml of the Sylgard-184 mixture was pipetted into the base of the culture
well and a level coating was ensured by placing the chamber on a flat surface, then left to
cure for three days at room temperature. Degassing was not required as bubbles were not
observed in either the XTC-3D or the Sylgard-184. Once the XTC-3D and Sylgard-184 were
fully cured and hardened the culture wells were washed through six changes of PBS to

remove any residual cytotoxic monomers.
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3.4.2. 3D Printed Culture Chamber Validation

3.4.2.1. 6-Way Tensile Arm Displacement

The displacement of the 6-way tensile arm was measured by monitoring the controlled
movement of the arm and relating the observed displacement to the expected displacement.
The bioreactor chamber was mounted onto the EBERS-TC3 base platform and attached to
the linear actuator which was controlled by the EBERS software. The 6-way tensile arm was
displaced in 5% iterations of the initial length of the fibrin hydrogel (8 mm). The displacement
of the tensile arm was measured using a HD USB camera (MicroDirect, Celstron) (Fig.3.3),

distances calculated using ImagelJ/Fiji and analysed using GraphPad Prism 9.

HD USB camera

.....

Recording

software al tand
amp stan
el b

3D printed culture

chamber

Figure 3.3. Schematic of displacement measurements for chamber validation.

3.4.2.2. Chamber Cytotoxicity

The lactate dehydrogenase (LDH) assay (Pierce, Thermo Scientific) was used to determine
biocompatibility of the materials which interfaced with the cell culture media — PLA, XTC-3D
‘smooth on’ oxirane epoxy resin, and PDMS Sylgard-184. hMSCs (passage 3) were seeded in
triplicate in wells of a 12-well plate at a density of 1.5 x10° cells/ml and allowed to attach for
12 hours. Separately pieces of PLA and XTC-3D oxirane resin coated PLA (5 mm x5 mm x 1
mm, ~5 g) were added in triplicate to experimental wells. In this initial test the XTC-3D
oxirane resin was only washed once in PBS. The cells were incubated with the materials
overnight and compared to unmodified control wells. The LDH activity within the media was
quantified using the SPECTROstar Nano microplate reader (BMG LABTECH). The
biocompatibility/cytotoxicity assay was then repeated using the fully coated, cured and
washed bioreactor chamber, which included both the XTC-3D oxirane resin-coated walls and

the Sylgard-184 coated well bases. The 3D printed culture chamber was sterilised with 70%
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ethanol: initially all components were disassembled and washed in 70% ethanol before
drying within a sterile cell culture hood for one hour. Once dry the 3D printed culture
chamber was assembled and washed in 70% ethanol again and left to dry in a flow hood,
washed again three times with PBS and left to dry. hMSCs were seeded onto cover slips at a
density of 1.5 x10° cells/ml and placed in the bioreactor wells, then incubated overnight at

37°C and assayed for LDH activity as described above.

130



Chapter 3

3.5. Results

3.5.1. Development of Bioreactor Chamber

3.5.1.1. Anchor Post Design

Initially the anchor frame was considered the anchor post and went through a number of

iterations (Table 3.1) to develop a design that would meet the design criteria.

Design Criteria - A rigid post that allows for a fibrin hydrogel to contract into a tendon like
structure. Once contraction is complete the anchor post should attach to a tensile
stimulation bioreactor to allow the stimulus to be applied to the fibrin hydrogel. The 3D
printed posts should allow for consistent printing using the Ultimaker 2+ with high porosity

within the attachment site (porosity >30%).

The porosity of initial designs (mark 1-5) was calculated using the equation:

pt=2 [12]
vVt

Where Pt is the porosity, Vp is pore volume and Vt is the total volume. The volumes were
calculated from only the attachment site, therefore excluding the solid section at the top of
the anchor post. From the design criteria, posts mark 1 and 2’s porosity was below the

minimum requirement (30%) and were excluded.

The posts needed to be consistently printed. The consistency was measured by printing five
of posts mark 3, 4 and 5 and judging the quality of the prints. Posts mark 3 and 4 did not print
consistently with many of the holes throughout the structure being solid rather than open.

Post mark 5 printed to a high consistency with low levels of post printing finishing required.

Bubbles formed when generating fibrin hydrogels within Post mark 5, this resulted in the
hydrogel easily breaking. To prevent bubbles from forming within the hydrogel, a chamfer
was added to the roof of the attachment site (post mark 6), allowing any bubbles to easily
escape. When loading began with post mark 6 system it was found that the fibrin hydrogel
‘peeled’ away from the anchor post as only a small amount escaped the porous area. By
removing half of the front face of the post, more of the hydrogel protruded generating a
more stable structure and allowing stimulation to be applied without the hydrogel failing

(mark 7).
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Table 3.4. Design iterations of the 3D printed posts. Porosity measured using [Equation 12]

and build quality measure by 3D printing five identical repeats.

o ' ' ' !
Name Anchor Anchor Anchor Anchor Anchor Anchor Anchor
post post post post post post post

mark 1 mark 2 mark 3 mark 4 mark 5 mark 6 mark 7

Porosity 26.3 22.7 35.3 38.4 34.3 35.3 36.5

(%)

Build Medium  Medium Low Low High High High

quality

3.5.1.2. |Initial Concept Designs for 3D Printed Posts and

Loading Supports

Anchor post mark 7 was taken forward to the loading phase. Initially two mark 7 posts where
arranged within a six well plate and an alignment bridge was placed on top (Fig.3.4A). The
alignment bridge ensured uniform positioning of the anchor posts and therefore a uniform
length of the fibrin hydrogels. The fibrin hydrogels formed around the anchor posts and
contracted to form tendon like structures (renders representation shown in Fig.3.4B). Once
contracted the hydrogels were transferred to a bioreactor attachment and fixed in place via
the anchor post (Fig.3.4C). The samples within the bioreactor attachments were then
transferred into the EBERS TC-3 tensile culture chamber using sterile forceps. The 3D printed
bioreactor attachment was fixed in place with 3D printed pins (Fig.3.4D). The culture
chamber was then placed onto the EBERS TC-3 for tensile stimulation (Fig.3.4E). Once tensile

stimulation was complete the process was reversed.
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-

Figure 3.4. Schematic of the anchor posts from culture plate to bioreactor. (A) Anchor post
layout in well plate before fibrin generation. (B) Render of fibrin hydrogel between anchor
posts. (C) Fibrin hydrogels placed into bioreactor attachment via anchor posts. (D) Anchor
posts within bioreactor culture chamber attached via bioreactor attachments. (E) Culture

chamber mounted into EBERS TC-3 bioreactor

The anchor post was further edited (Fig.3.5) to overcome the faults of the previous design;
primarily the unintentional movement of the hydrogel when moving between the six well
plate and culture chamber. This was achieved with the addition of handles on the top of the
anchor post. The alignment bridge fitted around the handles ensuring uniform fibrin
hydrogel formation. Once the contraction was complete the fibrin hydrogel was picked up
with sterile forceps with the alignment bridge in place, preventing the fibrin hydrogel for
moving from its fixed position. The anchor post were designed to have an attachment point
built in rather than needing the bioreactor attachment system. With these updates the fibrin
hydrogels formed around the anchor posts and contracted to form the tendon like structure
as before. The sample was then fixed into the EBERS TC-3 culture chamber (Fig.3.5C) with 3D
printed pins (Fig3.5A). Samples remained in the culture chamber during loading before being
placed back into the six well plate. This design completely removed the mid step of the

bioreactor attachment.

However samples became infected within one week of entering the EBERS TC-3 culture
chamber. The cause of infection was investigated to see if it was due to moving the samples
between the culture chamber and six well plate before and after each tensile stimulation run
(5% strain for 1 hour). The fibrin hydrogel was allowed to contract within the six well plate
before moving into the culture chamber in triplicate where the samples remained for the
loading regime (3 weeks). However, even with this mitigation the samples still became
infected within one week. An alternative theory was that the flexible airtight membrane (the
bellow) (Fig.3.5D) used to allow the tensile arm to move within the culture chamber whilst

maintaining sterility was generating a liquid bridge for bacteria to travel.
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Figure 3.5. Anchor post in EBERS TC3 chamber. (A) Render of the updated anchor posts, the
top of the post features a handle and the top rear of the posts features a built in bioreactor
attachment site. An alignment bridge held the two anchor posts in place and pins ran through
the alighment bridge and into the built in bioreactor attachment sites. (B) Example of how
the system would be moved with sterile forceps. (C) Three sets of anchor posts fixed in place
within the EBERS TC-3 bioreactor. The below has been highlighted to show assumed infection

source.
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3.5.1.3. Bioreactor Chamber Desigh mark 1

As the EBERS TC-3 culture chamber was being over manipulated to facilitate the anchor posts
it was no longer a viable option for the experimental needs. A 3D printed bioreactor chamber
was designed to accommodate the anchor posts and mount onto pre-existing bioreactor

systems.

Design Criteria - The bioreactor chamber should have a minimum of three isolated culture
wells and should not have a bellow that is submerged in cell culture media. The design should
require minimal edits to allow it to mount onto a number of pre-existing bioreactors. The
system should be able to be manufactured by 3D printing using bench top 3D printers (e.g.

Ultimaker 2+) with minimal post manufacturing finishing required.

The first design of the bioreactor culture chamber was designated mark 1 (Fig.3.6). The
system was composed of ten main components: The main body, the transparent base, the
transparent base housing, the 6-way tensile arm, the arm housing, bellow barrier, the EBERS
TC-3 arm and the lid (not shown in Fig.3.6). The main body, transparent base housing, bellow
barrier, 6-way tensile arm and the arm housing were all 3D printed using the Ultimaker 2+
with PLA filament. The transparent base and lid were manufactured using transparent
polycarbonate sheet machined using a milling machine and pillar drill. This design used pre-
existing components from the EBERS TC-3 (EBERS TC-3 arm and runner) to ensure it would
fit onto the EBERS TC-3. The sub- components were acquired as off the shelf parts and

included: the O-rings, bellows, grub screws, thumb nuts and screws.

Once all the components were 3D printed and machined, screw threads were tapped to
allow the screws to fix components together and grub screws to fix in place. However when
fixing the components (main body, transparent base housing, bellow barrier, arm housing
and EBERS TC-3 runner) with the screws it was found the resolution and consistency of the
Ultimaker 2+ was not tight enough to ensure all components were printed exactly as the CAD
designs specified. This prevented tight seals to form when mating two parts which is vital to
create a sterile environment for cell culture. The mark 1 design was therefore not a viable

option as a sterile environment could not be generated without substantial finishing.
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EBERS TC-3 arm

EBERS TC-3 Runner

Arm housing

Bellow barrier

Bellow hole

and grove
. v
6-way Tensile Arm ‘ .
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Transparent base

Transparent
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Culture wells
Figure 3.6. Initial design of 3D printed bioreactor chamber. The system included the runner

from the EBERS TC-3 culture chamber and the tensile arm which connected to the 6-way
tensile arm. The arm housing allowed for detachment from the chamber, allowing for
multiple chambers to be used at once. The 6-way arm ran into six culture wells each with a
bellow to provide a flexible air tight membrane. The main body connected to the transparent
base via screws and sealed with an O-ring. The O-ring slotted into an O-ring grove on the
base of the main body. Six culture wells allowed for isolated culture of hydrogels. A sterile
seal at the top of the main body was provided by fixing the lid over grub screws with thumb

nuts over a second O-ring placed into the upper O-ring groove.
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3.5.1.4. Bioreactor Chamber Desigh mark 2

The complexity of the bioreactor chamber mark 1 design resulted in the 3D printed
components not correctly mating preventing a sterile seal from forming. Mark 2 (Fig.3.7) was
designed to limit the number of components as much as possible. Here the design was made
up of four main components as opposed to ten in the mark 1 design. The four components
were: the chamber body, the 6-way tensile arm, the tensile runner and the lid (shown in
Fig.3.7B). The design removed the bellow from the culture wells and into a separate sterile
area of the main body, this prevented the culture media generating a liquid bridge with the

bellow.

3D printing was used to manufacture the chamber body, the 6-way tensile arm and the
tensile runner. The lid was machined from polycarbonate sheet using a milling machine and
pillar drill by Mr James Blackhurst in the William Henry Duncan building workshop (University
of Liverpool). Sub components were acquired as off the shelf parts: the O-ring, the bellow,

the grub screws and the screws.

Fig.3.7B shows a separated view of the mark 2 design post manufacturing. The 3D printed
components, the 6-way tensile arm and chamber body were initially manufactured using PLA
filament. The chamber body required minimal finishing (thread tapping and removal of
support structures produced during 3D printing) to allow the mating of other components.
Once tapped nine grub screws fixed into place around the perimeter of the chamber body.
The O-ring slotted into the O-ring grove on the top face of the chamber body. The lid had
nine holes drilled using a pillar drill around the perimeter that were complementary to the
grub screws holes on the chamber body, allowing the lid to fit onto the chamber body. The
lid was then fixed in place with nine thumb nuts, creating an airtight seal with the O-ring.
Two holes were drilled and tapped on the lid above where the culture wells would be
situated when the lid is fixed in position. The two holes allowed for two 0.2 um nylon syringe
filters to lock into Luer locks. This allowed for sterile air to circulate into the chamber body
and culture wells. The bellow, acting as the flexible seal, fitted onto the 6-way tensile arm.
The bellow and 6-way tensile arm then ran through the bellow hole into the chamber body.
The tensile runner fitted onto the 6-way tensile arm and screwed into the rear of the
chamber body creating a seal with the bellow. The tensile runner held the 6-way tensile arm
in position whilst allowing for controlled linear movements into and out of the chamber

body.
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Figure 3.7. Bioreactor chamber mark 2. (A) The mark 2Adesign. Using a 3D printed tensile

runner and 6-way tensile arm instead of the EBERS TC-3 parts, allowed for multiple systems

to be printed and used at the same time. (B) Separated view of manufactured bioreactor

chamber mark 2.

138



Chapter 3

3.5.1.4.1. Updated Anchor Posts

The anchor posts shown in Fig.3.4 were updated to not require the culture period in a six
well plate. Instead the anchor post were installed within the chamber body and the fibrin
hydrogel was formed and contracted directly within the bioreactor chamber. This was
achieved by adding a barrier to the rear of one of the anchor posts in the pair (Fig.3.8A). The
barrier was designed to maintain a consistent length of fibrin hydrogel across all culture wells
by preventing the fibrin from running past it. The anchor post featuring the barrier was
attached to the 6-way tensile arm whilst the anchor post without the barrier is placed onto
the chamber body (Fig.3.8B). The base of the anchor posts were reduced to allow better

contraction around the post rather than sticking to the base.

(A) (B)

k—— Barrier

Reduced P
base —

Figure 3.8. Render of updated anchor posts. (A) Rear of one anchor post features a barrier
to ensure the fibrin hydrogel dimensions are consistent across all culture wells. Base of
anchor post was removed to allow better contraction of fibrin hydrogel around the post. (B)
Anchor post with barrier was placed within culture well. Barrier prevents fibrin hydrogel from

running beyond set point controlled by the position of the 6-way tensile arm
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3.5.1.5. Bioreactor Chamber Design Mark 2.1

Due to only one attachment post on each arm of the 6-way tensile arm and chamber body
the anchor posts rotated away from intended position. This was overcome by adding an extra
attachment point to the 6-way tensile arm and chamber body. An extra attachment hole was
added to the anchor posts attachment sites (Fig.3.9). These additions generated the

bioreactor chamber design mark 2.1, the final design.

The dimensions of the final bioreactor chamber are shown in (Fig.3.10). The main dimensions

include:
The culture well =40 mm x 15 mm x 11.5 mm, holding up to 6.9 ml of culture media.
The 6-way tensile arm run —30 mm x 23 mm x 90 mm, when the 6-way tensile arm is installed

it can move backwards and forwards by 8 mm.

Extra Attachment - ‘

point

- Extra
Attachment hole

Figure 3.9. Render of updated bioreactor chamber and anchor posts. Extra attachment
points have been added to the chamber body and an extra holes added to the attachment
sites on the anchor posts.
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Figure 3.10. Dimensions of bioreactor chamber body mark 2.1. (A) Outer dimensions of
chamber body and internal length of chamber body. (B) O-ring groove dimension and grub
screw tap hole diameter. (C) Culture well dimension and attachment pin dimension. (D) 6-

way tensile arm run area and bellow hole dimensions

The mark 2.1 design for the bioreactor chamber was taken forward as the final design. As in
the mark 2 design the bioreactor chamber was made up of four main components. Fig.3.11Ai
shows the CAD drawings of the 3D printed main components: the chamber body, 6-way
tensile arm and tensile runner. The fourth main component, the lid, is shown in Fig.3.11B,
and is identical to the mark 2 design. The sub-components (Fig.3.7B) were all acquired as off
the shelf parts: the bellow, grub screws, thread insert, thumb screw, O-ring, Luer lock and
screws. A list of components is shown in Table 3.2. The PLA grub screw holes were able to be
threaded but not consistently, thread inserts were therefore used to fix the grub screws in
place. The O-ring slotted into the O-ring groove, the lid then slotted onto the grub screws via
complementary holes (Fig.3.11Aii) and was fixed in place via thumb nuts forming an airtight
seal with the O-ring. The lid featured two threaded holes over the culture wells that Luer
locks fix into, allowing for the fixing of two 0.2 um nylon syringe filters for sterile air

exchange. The bellow fitted onto the 6-way tensile arm and both slotted through the bellow
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hole and were held in place by the tensile runner which fixed onto the chamber body via

screws, creating an airtight seal with the rear of the bellow.

Following 3D printing the only steps required before the system was ready to use was to
remove the 3D printing structural support, the insertion of the thread inserts, sealing the
system with the XTC-3D waterproof resin and the addition of 1 ml of Sylgard 184 to each

culture well.

The bioreactor chamber was designed to mount onto a wide range of commercial and
custom tensile stimulation bioreactors with minimal edits. Fig.3.11B shows the bioreactor
culture chamber mounted onto the EBERS TC-3. The 6-way tensile arm attaches to the
bioreactors linear actuator, which is operated via a well-established software. The chamber
body mounts onto the bioreactor via alignment pins and thumb screws. The bioreactor
chambers CAD model was adapted to mount onto the CellScale MCT6 (Fig.3.11C). This was
only done as far as the CAD design, which was not subsequently 3D printed therefore the
adapted chamber was never mounted onto a real CellScale MCT6. For the CAD model to
theoretically mount onto the MCT6, changes needed to be made to the base of the chamber
body, the length of the tensile runner and the attachment point of the 6-way tensile arm. A
separate part was developed to fix the linear actuator to the 6-way tensile arm. These edits

took around 3 hours to implement.
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Figure 3.11. Final design of 3D printed culture chamber. (Ai) Seperated CAD drawing of the
final 3D printed culture chamber, scale bar is 50mm. (Aii) Manufactured 3D printed culture
chamber, the main body, tensile arm and tensile arm runner were manufactured by 3D
printing using PLA filament. (B) 3D printed culture chamber mount onto the EBERS TC-3
bioreactor. (Ci) CAD for 3D printed culture chamber adapted to the CellScale MCT6

bioreactor. (Cii) 3D printed culture chamber mounted onto the CellScale MCT6.
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Table 3.5. Full components list for the bioreactor chamber.

Name Description Supplier Product Code
Ultimaker 2+ FFF 3D printer RS Components  918-8695
. 3D printing
PLA filament ] RS Components  134-8190
filament
) Don Whitley
Bellow Flexible seal o SP-90.007.006
Scientific
Grub screw M5 x 30 mm Accu.co.uk SSU-M5-30-A2
Polycarbonate 1.25 m x 610 mm x
RS components  681-665
sheet 6 mm
O-ring 3mm cross section,
134mm . . . .
) Simply Bearings  simplybearings.co.uk
circumference.
VITON rubber
XTC-3D Waterproof resin ~ Smooth-on benam.co.uk/xtc-3d
Thumb nut M5 RS components  664-4886
Screw M3 RS components  280-981
Sylgard 184 Low friction seal Farnell 101697
Luer lock adapter Attaches air filter ~ Cole Parmer OU-30800-00
0.2 m  syringe
o WM SYTINEE i filter Cole Parmer LY — K
filter
Thumb screw M3 Accu.co.uk SKT-M3-10-A1
M3 Thread insert M3 Accu.co.uk HSTI-M3-A2
M5 Thread insert M5 Accu.co.uk HSTI-M5-A2

CAD files

https://www.thingiverse.com/Janvierl/collections/tensile-

stimulation-bioreactor

144



Chapter 3

3.5.1.6. Final Anchor Frame Design

The updated anchor posts featuring the barriers (Fig.3.8) did not function as designed. The
fibrin hydrogel continued to run underneath the barrier generating non-uniform hydrogels.
A final anchor post was designed to generate uniform fibrin hydrogels (Fig.3.12), this design
was named the anchor frame. The solid PLA anchor frames were not coated in the XTC-3D
resin or Sylgard-184. The design required the fibrin hydrogel to be formed within a six well
plate. For the anchor frame system to initially fit within a 6-well plate before moving to the
bioreactor chamber the design had to feature two main parts: the hydrogel attachment
bracket (Fig.3.12i) and the 90° rotation arms (Fig.3.12ii). The hydrogel attachment bracket
features breakable spars that maintain the uniformity of the structure during the fibrin
hydrogel generation and contraction. Once the fibrin hydrogel had contracted (two week
contraction phase) the 90° rotation arms are installed and the anchor frame system was
moved into the appropriate culture well. The breakable spars were broken with sterile
scissors, the fibrin then supported itself between the anchor frame allowing tensile loading

to be applied directly to the fibrin hydrogel.

Figure 3.12. Anchor frame. CAD drawing of the final anchor frame. (i) the hydrogel
attachment bracket, (ii) the 90° rotation arms.

The distance between the attachment posts on the hydrogel attachment bracket was 8 mm
(12 mm from the wall behind the posts), the width of the main body was 7 mm and the depth
of the main body was 4 mm (Fig.3.13). The volume of the fibrin hydrogels seeded within the
hydrogel attachment bracket was 400 pl. Once printed the hydrogel attachment bracket

fitted into a well of a 6-well plate and was held in position with sterile 4% agarose (Fig.3.14A).

Figure 3.13. Dimensions of anchor frame system: the hydrogel attachment bracket and 90°
rotation arms.
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The breakable spars were covered with spar covers (Fig.3.14A) to prevent the fibrin hydrogel
from running out below the breakable spars. Once the fibrin hydrogel contraction phase was
completed, the spar covers were removed and the 90° rotation arms were installed. The
anchor frame was then moved from the 6-well plate to the culture well with sterile forceps
(Fig.3.14B). Once in the bioreactor chamber the breakable spars were broken with sterile
scissors, the fibrin hydrogel then supported itself between the anchor frame (Fig.3.14C). The
anchor frame was held in a fixed position by the 6-way tensile arm which in turn was held in
position by the linear actuator. This maintained the length of the fibrin hydrogel (8 mm) until
tensile strain was applied, displacing the hydrogel. The 6-way tensile arm could displace a
further 8 mm backwards, equating to 100% the initial length of the hydrogel. The media
volume was carefully considered based on the volumes typically used in a 6-well cell culture
plate. For this particular study 3.5 ml of culture media ensured the tissue engineered tendon

was fully submerged throughout culture and loading.

, S = —_— %
Figure 3.14. Flow of anchor frames from contraction to loading. (A) Anchor frame with spar

covers installed, held in place with sterile 4% agarose. (B) Anchor frame moved to bioreactor
chamber (C) Anchor frame within bioreactor chamber, breakable spars broken with sterile

scissors.
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3.5.1.7. 3D Printed Culture Chamber Validation

3.5.1.7.1. Well Displacement

The bioreactor chamber was validated by measuring the displacement of the 6-way tensile
arm in each well when mounted onto the EBERS TC-3 bioreactor (Fig.3.3). The displacement
of the tensile arm was recorded as percentage displacement of the hydrogels initial length
(8 mm) (Fig.3.15). At 4 mm (50% strain) the displacement across all wells was within 0.6% of
the programmed value, with no significant differences between wells at strain rates 5% to
50% across the wells (p>0.09) and a linear correlation between programmed and observed

values.

Recorded Displacement (%)

TosenesHS b S

Applied Displacement (%)
Figure 3.15. Linear displacement of the 6-way tensile arm by the software-controlled drive
motor was shown to result in equal arm movement across each of the six wells of the printed
chamber. n=3 technical repeats per well and n=6 experimental repeats across the chamber,
significance measured using one-way ANOVA with Tukey’s post hoc test and multiple

comparison.
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3.5.1.7.2. Lactate Dehydrogenase Assay

The biocompatibility and cytotoxicity of the bioreactor chamber was evaluated using the LDH
assay (n=3), demonstrating that PLA has no cytotoxicity and was equivalent to tissue culture
plastic controls (Fig.3.16A). The waterproof resin was found to induce significantly more LDH
(2.5 fold increase, p<0.05), indicating toxicity (Fig.3.16A). The LDH assay was performed
again, this time in the fully coated, cured and assembled bioreactor chamber. The culture
wells were coated in XTC-3D oxirane resin and the base was coated in Sylgard-184. After the
resins had completely cured the culture wells were thoroughly washed in six changes of PBS
and the LDH assay was repeated within the bioreactor chamber, yielding equivalent LDH
activity values to controls (6-well plate) (Fig.3.16B). This data indicates that repeat washing
removes the toxic properties of the waterproof resin and renders it biocompatible. To
further ensure biocompatibility a final layer of Sylgard was used to coat the inside of the
chamber and provide a reduced friction surface for the moving parts of the arm and frame
assembly. Maximum LDH production by the cells was induced by the addition of 10x Lysis
Buffer. The maximum LDH was found to be 1.7 fold higher than the toxic Resin and 5.6 fold
higher than the chamber (Fig.3.16).
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Figure 3.16. LDH assay for bioreactor chamber. (A) Cell viability as tested using the LDH assay
within 6 well plate. (B) Cell viability tested using LDH assay with 3D printed culture chamber.
Maximum represents induced LDH production. n=3 repeats. Error bars represent standard

deviation. Significance tested using unpaired t-test (* indicates p<0.05).
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3.6. Discussion

In this investigation it was shown that 3D printing is a useful method for producing
customisable bioreactors; in this case to overcome technological challenges in tendon tissue
engineering. The objective was to produce an easily replicable system that could be broadly
adapted by the tissue engineering community to help improve the consistency and
availability of research tools. The bioreactor chamber that was developed observed
appropriate displacement when driven by commercially available software in comparison to
existing commercial systems, and is adaptable to multiple base-platforms, for example those
manufactured by EBERS and CellScale, enabling electronics, motor assemblies and software
to be used. The bioreactor chamber was designed using the EBERS TC-3 bioreactor platform
as a base, keeping the linear motor assembly and proprietary software to drive the actuator
arm. Design of the original prototypes through to the final product validation took
approximately 7 months with multiple redesigns used to improve the specification, optimise

print quality and speed.

Several tests were performed to determine reliability and consistency across the bioreactor
wells. Displacement of the 6-way tensile arm was measured and recorded as a percentage
of the total hydrogel length (8 mm). The displacement was found to be uniform across each
well and matched the programmed strain from 5% to 50% (+ 0.6%). The correlation between
applied and recorded displacement was determined to be within acceptable engineering
design limits, and is comparable to other published studies such as a biaxial loading

bioreactor designed by Yusoff et al. (2011) which had a correlation of £ 0.95%.

The biocompatibility and cytotoxicity of the materials used to form the chamber was
assessed using the LDH assay. The PLA base material was found to be non-toxic (no more
LDH activity compared to tissue culture plastic controls), whilst the epoxy resin (oxirane) was
initially discovered to be toxic. The toxicity was hypothesised to result from residual solvent
and monomer leaching into the culture media, through repeat washing in PBS (6 washes) the
resin-coated PLA showed no toxicity (LDH activity equal to tissue culture plastic controls).
Other researchers have also shown that epoxy is compatible with cell culture (Pierce et al.,
2012). The base of the wells were coated with PDMS (Sylgard-184), a widely used material
for cell culture applications which provided a hydrophobic barrier, ensuring low protein

adhesion and smooth operation, and was found to be non-toxic.

Polylactic acid (PLA) is a versatile polymer and the most common material available for FFF

desktop 3D printing, followed by acrylonitrile butadiene styrene (ABS) and nylon. ABS is not
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recommended for manufacturing the bioreactor chamber as it has no material advantages
to PLA in this application and needs to be used in a controlled environment (e.g. a class |
fume hood) due to the production of toxic fumes and particulates during high temperature
extrusion (Steinle, 2016, Hall et al., 2018). Nylon is known to swell and distort when exposed

to humidified environments and was therefore not used (Park et al., 2016).

3.6.1. 150Conclusion

Using sharable CAD and 3D printing, a tensile stimulation bioreactor chamber that enables
equal tensile forces to be applied to six isolated, independent samples in one chamber over
alarge displacement range has been designed, manufactured and tested. The materials used
in the design are readily available for desktop manufacturing, easy to work with and were
shown to be durable and non-toxic once the appropriate curing, washing and processing
techniques had been applied. The bioreactor was successfully sterilised with 70% ethanol
and was used for 18 months without infection, highlighting its reusability. The design and
optimisation of this bioreactor chamber provides a freely available and globally reproducible
platform for ongoing comparative research in tendon biology and tissue engineering. The
ease and speed of the 3D printing process allows for multiple bioreactor chambers to be
manufactured for each experiment ensuring the control chamber is identical to the
experimental chambers, which is often a compromise with high-cost commercially available
bioreactor systems where the number and availability of culture chambers is often limited
to a single unit. With minimal editing to the design the system can be manipulated to mount
onto a range of commercially available and custom-made bioreactor, for example the EBERS

TC-3 and CellScale MCT6.
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Chapter 4

Tensile Stimulation of hMSC Seeded Fibrin
Hydrogels
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4.1. Introduction

Tensile stimulation has long been used to drive the development of de novo tendons
(Karamuk et al., 2004, Raif el and Seedhom, 2005). This approach derives from the role
mechanotransduction plays during the development of musculoskeletal tissue from
embryogenesis through to adulthood (Lee et al., 2017). Within the native environment the
primary mechanical force applied to tendon is tensile stimulation (Wang, 2006). As muscle
contracts the tendon is strained away from the bone acting as the transducer, transforming
the generated force into skeletal movement (Glass et al., 2014). During development human
tendon is thought to experience small amounts of cyclic strain coupled with constant strain
resulting in an increase of up to 25% of the initial length (Kalson et al., 2011), whilst mature
tendons are exposed to cyclic strain of up to 6% (Wang, 2006). The absence of tensile
stimulation during in vivo embryonic growth of chicks has been shown to impair the
development of the entire joint including tendons, highlighting the importance of

mechanical stimulation for tissue generation (Mikic et al., 2000).

During embryonic development the modulus and ultimate tensile strength of tendons
increases (Marturano et al., 2013), a trend that continues post-natally until tendons are fully
mature (Ansorge et al., 2009). Such properties are independent of increases in tendon length
and diameter during tendon growth, which also improve extrinsic tensile biomechanical
properties. Collagen type |, the most abundant protein in the tendons ECM, forms string-like
fibrils primarily aligned with the long axis of the tendon, which provide tendons with
mechanical durability and strength (Buckley et al.,, 2013). As fibrils progress through
embryonic development the diameters increase from around 30 nm to 80nm (Fleischmajer
et al., 1988) but have a predominantly unimodal diameter distribution. Mature tendons
display a bimodal or trimodal fibril diameter distribution with fibril diameters reaching
approximately ten times that of embryonic tendon (Ezura et al., 2000, Goh et al., 2012,
Ribitsch et al., 2020).

Minor collagens occur in addition to type | collagen in healthy tendon, the minor collagens,
comprise fibrillar types lll, V, Xl and FACIT collagens XIl, and XIV (Riley et al., 1994). These less
prominent collagens are often over looked in tissue engineering as a measure for the quality
of the engineered tissues in favour of the more widely expressed ECM components. However
the minor collagens play a key role in tendon homeostasis and without would render the
tendon functionally impaired. Types V and XlI form heterotypic (mixed) fibrils with type |

collagen in tendon (Kadler et al., 2008). Type Il reduces heterotypic fibril diameter and is
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more abundant in elastic and distensible tissues (Asgari et al., 2017). During injury and aging
the ratio of type Il to type | increases, thereby altering tendon mechanical properties
(Buckley et al., 2013). Types V and XI nucleate fibril assembly (Birk, 2001), with collagen type
V influencing the diameter and number of fibrils assembled (Sun et al., 2015). Types Xll and
XIV are located at the surface of collagen fibrils with type XIV (Young et al., 2000) primarily
present in developing tendon and replaced by collagen type Xll during tendon maturation

and ageing (Ansorge et al., 2009).

Mechanical stimulation has been applied in tendon bioengineering using an array of different
scaffolds, bioreactors and conditions as outlined in Table 4.1. Here fibrin has been selected
as the scaffold of choice with the biomaterial having been shown to be superior to collagen
hydrogels, with improved tenogenic gene expression, ECM alignment, packing density of
fibrils and increased linear modulus when cultured with 2.4% strain for 14 days (Breidenbach
et al., 2015). Fibrin acts as a blank slate material for collagen synthesis as the only collagen
detected is that synthesised by the cells. Table 4.1 further show the variability between
studies as the rate of cyclic strain applied to tissues varies from 1-15%. Here three distinct
strain rates, 3%, 5% and 10%, have been selected based on previous work by Wang (2006)
which states that a strain up to 6% are routinely applied to tendon, therefore representing
physiological loads, whilst greater than 6% may lead to degeneration or rupture. 3%
represents low physiological strain, 5% high physiological strain and 10% excessive

(degenerative) physiological strain.

In the present study cell-embedded hydrogels were generated using hMSCs in fibrin, which
contracted around 3D printed attachment frames. To apply cyclic strain, the 3D printed
bioreactor chamber was used as outlined in Chapter 3. The samples within their frames were
incorporated into the bioreactor for 21 days, with one chamber for each condition (control,
3%, 5% and 10%) and cyclic strain delivered at 0.5Hz for 5h per day. A comprehensive
multimodal end point analysis was performed using histology, gPCR and Western blotting
for collagen isoform expression, transmission electron microscopy to quantify collagen fibril
diameter and analysis of collagen fibre alignment with a fluorescent collagen probe (CNA35).
Tensile testing was then used to measure viscoelastic and failure properties of the cell-

engineered tendons in response to biomimetic cyclic strain.
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Table 4.1. Published work on cyclic tensile stimulation for tendon tissue engineering, showing the range in loading platforms and conditions.

Sample
Study Strain (%)  Duration (hr) Frequency (Hz) Overall Duration (day) Cell type Biomaterial Numpber Bioreactor
. Avian tendon internal n=6 isolated
Garvin et al. (2003) 1 1 1 8 . Collagen type | Flexcell
fibroblasts culture wells
Noth et al. (2005) 12 8 1 14 Human MSCs Collagen type | n=1 Custom
. n=4, shared
Webb et al. (2006) 10 8 0.25 7 Human fibroblasts Polyurethane Custom
culture well
Juncosa-Melvin et . n=5, isolated
2.4 8 0.2 12 Rabbit MSCs Collagen type | Custom
al. (2007) culture wells
Joshi and Webb . n=4, shared
50r12.5 1-24 0.1-1 7 Human dermal fibroblasts Tecoflex Custom
(2008) culture wells
Zhang and Wang Rabbit tendon progenitor . n=6, isolated
4or8 12 0.5 3 Silicone membrane Custom
(2010) cells culture wells
Electrospun n=4, isolated Bose
Barber et al. (2013) 10 2 1 10 Human MSCs L
polylactic acid culture wells Electroforce
. 5,10 or . n=5, isolated
Morita et al. (2013) 24 or 48 1 1-2 Human MSCs Silicon monolayer Custom
15 culture wells
Breidenbach et al. Murine tendon progenitor Fibrin and collagen n=5, isolated
2.4 5 1 14 Custom

(2015)

cells

type |

culture wells

154



Chapter 4

Heher et al. (2015)

Burk et al. (2016)

Qiu et al. (2016)

Youngstrom et al.
(2016)

Carroll et al. (2017)

Grier et al. (2017)

Subramanian et al.

(2017)

Wu et al. (2017)

Brandt et al. (2018)

Engebretson et al.
(2018)

10then 3

50r10

10

2,40r6

6 then 8

4,80r24

12

0.7

Static

0.33

0.50r1

Olorl

0.5

14

10

21

12

3or7

C2C12

Equine MSCs

Human MSCs

Tendon. Bone marrow and
adipogenic derived MSCs

Porcine MSCs

Human MSCs

Human adipose derived
MSCs

Human adipose derived
MSCs

Human adipose derived
MSCs

Rat MSCs

Fibrin

Decellularised
tendon

NDGA-crosslinked

Decellularised

tendon

Fibrin

Collagen-GAG

Collagen type |

PCL nanofibrous

woven scaffold

Decellularised
tendon

Decellularised
umbilical vein

n=6, isolated
culture wells

n=1

n=12, isolated
culture wells

n=1

n=6, shared
culture well

n=24, isolated
culture well

n=4, isolated
culture well

n=6, shared
culture well

n=3, shared
culture well

n=4, isolated
culture well

MagneTissue

Custom

Custom

Custom

Custom

Custom

Custom

CellScale MCT6

Custom

CellScale MCT6
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Garcia et al. (2018)

Lee et al. (2018)

Liu et al. (2018)

Patel et al. (2018)

Raimondi et al.
(2018)

Raveling et al.
(2018)

Sensini et al. (2019)

Wunderli et al.
(2018)

Grier et al. (2019)

Hsiao et al. (2019)

Atkinson et al.
(2020)

10

10

10

5

40r8

10

N/A

12

24

12

12

0.2

0.5,10r2

0.05

0.5

0.67

14

1,3o0r7

7orl4

14

Rat MSCs

Human MSCs

Canine MSCs

Bovine tenocytes

Porcine tenocytes

Murine MSCs

Hs27

Murine tenocytes

Human MSCs

Rat tendon derived cells

Equine tenocytes

PCL/HA electrospun
scaffold

Decellularised
tendon

Decellularised
tendon

Poly(ethylene
glycol)
dimethacrylate

Collagen type |

Collagen tye |

PLLA/Coll

electrospun

Murine tendon
fascicles

Collagen type I/GAG

Monolayer

Collagen type |

n=6, shared
culture well

n=2, shared
culture well

n=6, shared
culture well

N/A

n=4, shared
culture well

n=1

n=1

n=8, shared

culture wells

n=24, isolated
culture wells

n=12, isolated
culture wells

n=10, shared
culture wells

Custom

Custom

Custom

Custom

Custom

Custom

CellScale

MCB1

Custom

Custom

Custom

Custom
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Banik and Brown
(2020)

Ciardulli et al.
(2020)

Deniz et al. (2020)

Talo et al. (2020)

Tohidnezhad et al.

(2020)

10

3and 6

25

0.5then 1

0.5,10r2

0.01

0.33

0.33

21

11

10

lor2

Human MSCs

Human MSCs

Human tenocytes

Rabbit MSCs

Rat tenocytes

Poly-(e-
caprolactone)

Hyaluronate/Poly-
Lactic-Co-Glycolic
Acid (PLGA)/Fibrin

Poly (glycerol-
sebacate) sheet

Decellularised
tendon

Rat tendon

Shared
culture well

n=1

n=1

n=6, isolated

culture wells

n=1

Custom

Custom

EBERS TC-3

Custom

Custom
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4.2. Hypothesis

Appropriate rates of intermittent, cyclic uniaxial tensile strain will drive the production of a
complex collagen isoform repertoire (including types I, 1ll, V, XI, XIl and XIV), leading to

improved structure and functional responses from tissue engineered tendon

4.3. Aims

1. Investigate the role of cyclic tensile strain on 3D culture hMSC differentiation and
collagen production.
2. Investigate the structural development of 3D cultured hMSCs in response to varying

cyclic tensile strains.

4.4, Experimental Setup

4.4.1. Chamber Run design

For this study four bioreactor chambers were 3D printed, one chamber for the control group
and three for the tensile stimulated groups. To generate enough samples for the
experimental analysis, six runs of complete tensile stimulation was required, this generated

36 samples per group (138 samples in total):

Assay Number of samples
=  Protein analysis (Western blotting) [six samples]
=  Gene expression analysis (QPCR) [six samples]
= Fibril structural dimensions (TEM) [three samples]
= Tissue microstructure (histology staining) [three samples]
=  Fibre Analysis (CNA35 Collagen-Probe) [three samples]
=  Mechanical testing [three samples]

The extra twelve samples not accounted for in the analysis techniques were generated as six
replacements for any failed samples during each run and six samples to be sent to the

University of Georgia, USA, for external analysis.

As the bioreactor chamber was not mass produced but developed in-house, variations in the
construction may have occurred during the manufacturing process. This variation was
accounted for by rotating the stimulation groups chambers used during the experimental
runs. The tensile stimulated bioreactor chambers were labelled 1, 2 or 3. On the first run

chamber 1 was used for the 3% strain group, chamber 2 for the 5% strain group and chamber
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3 for the 10% strain group. On run 2 chamber 1 was used for the 10% strain group, chamber
2 for the 3% strain group and chamber 3 for the 5% strain group. For run 3 chamber 1 was
used for the 5% strain group, chamber 2 for the 10% strain group and chamber 3 for the 3%
strain group. This rotation was repeated for runs 4, 5 and 6. Samples taken for experimental

repeats varied across each run:

Run 1, 2 and 3 —two samples for protein analysis, two samples for gene analysis, two samples

for the University of Georgia and one replacement sample per run.

Run 4, 5 and 6 — one sample for second harmonic generation, one sample for histology, one
sample for collagen probe, one sample for mechanical testing, one sample for TEM and one

replacement sample per run.

In order to efficiently generate the samples, each run was staggered over the five week
experimental period (two week contraction phase, three week loading phase), this is shown

in Fig.4.1.

Contracvon phase Losted phuie
2 weehs 3 weoeks
Runl S
Run2 )
Run3
Rund
RunS S
Run6 S

Figure 4.1. Tensile stimulation experimental run. Each run was staggered to optimise
experimental run time (20 weeks), each run was made up of two parts, the two week

contraction phase and three week loading phase.

4.4.2. Tensile Stimulation

The varying rates of tensile stimulation were sequentially applied to fixed groups of fibrin
hydrogels after the samples had been moved into the bioreactor chamber. The four
chambers (control and three stimulated) were all kept within the same non-humidified
incubator at 37°C in 5% CO; along with the EBERS TC3 bioreactor (Fig.4.2). When the culture
chamber was mounted onto the EBERS TC-3, the 6-way tensile arm attached to the
bioreactors linear actuator, this was how the tensile stimulation was applied to the fibrin
hydrogels. When the linear actuator was displaced (controlled by the EBERS software) the 6-
way tensile arm was also displaced. Each chamber was pre-determined as to which
stimulation group it would be in, either control (0%), 3%, 5% or 10% strain. Strain was applied
as a percentage of the initial length of the fibrin hydrogel (distance between posts), initial

length was 8 mm; therefore 3% strain was 0.24 mm, 5% strain was 0.4 mm and 10% strain
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was 0.8 mm. Stimulation was applied for five hours a day (19 hours at static length), at 0.5
Hz, five days a week (five days with stimulation, two days without) over three weeks. The
stimulation was control by the EBERS software, the chamber was mounted onto the EBERS
TC-3, and stimulation would begin. Once the five hours had elapsed the software would stop
allowing the user to swap the chambers around. Stimulation was applied as a sinusoidal

waveform as selected on the EBERS software.

3D printed culture

chambers

Figure 4.2. Bioreactor chambers and EBERS TC-3 in non-humidified incubator.
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4.4.3. Histology
Qualitative histological analysis was used as an initial marker to determine the response of
the tissue engineered tendons to the applied strain (Fig.4.3). H&E staining of the engineered
tendon illustrates changes in tissue structure correlate with stain. Staining revealed that the
static control group had little alignment within the structure. However, strained samples
exhibited alignment to the direction of the strain. These results suggest that loading resulted

in a more aligned structure compared to the static control.

Alcian blue staining highlighted GAG production within the engineered tissue. The staining
suggested that cyclic strain did not influence the production of GAGs with no difference

observed across loading conditions.

Alizarin red staining was used to investigate the calcium hydroxyapatite production within
the engineered tissues. The control and 10% strain groups appeared to have produce
significantly more calcium hydroxyapatite during culture than the 3% and 5% strain group.
This suggests that physiologically appropriate rates of strain inhibit calcium hydroxyapatite

production whilst the absence or excessive cyclic loading enables the production.

Under polarised light the Picrosirius red staining shows fibrillar collagen illuminated red,
green and yellow. There appeared to be little difference in collagen production between all
cyclically strained and the control groups. This suggests that total fibrillar collagen

production was not driven by the cyclic strain.
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Figure 4.3. istological analysis of tissue engineered tendons. Samples stained (from left to
right) with H&E, Alcian blue, Alizarin red and Picrosirius Red (under polarized light). Both
enhanced and original images are shown for Picrosirius Red staining highlighting how little
collagen was initially detected before image enhancement. x10 objectives were used for
each stain except Picrosirius red where x4 was used. n=2 experimental repeats. Scale bars

represent 500 um.
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4.4.4. Alkaline Phosphatase Assay

ALP content in the cell culture media was measured at day O (end of contraction phase), 7,
14 and 21 (three week loading phase) (Fig.4.4). At day 0 no significant difference was seen
across the three contraction plates. The control group peaked at day 7 being significantly
higher than the three loaded groups (p<0.001). The 10% strained group peaked at day 14
and was significantly higher than the other groups (p<0.001). Both the 3% and 5% strain
groups appeared to have very low levels of calcium hydroxyapatite deposition (Fig.4.3) and

lower alkaline phosphatase activity.

_ o— Control
T 40+ —=— 3%
?o —— 5%
c o —-— 10%
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2
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=
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< 0 T T ]

0 7 14 21

Day

Figure 4.4. Alkaline phosphatase expression of tissue engineered tendons during cyclic
loading phase. Day 0 marks the end of the contraction phase and sees the lowest ALP
expression with no difference between loading condition, as expected. At day 7 the control
group has a significantly higher ALP expression than all other groups (p<0.05). At both day
14 and 21 the 10% strain group has significantly higher ALP expression than all other groups
(p<0.05). n=6. Significance was measured using two-way ANOVA with repeat measures and

Tukey’s post hoc test (*indicates p<0.05, ** p<0.01, *** p<0.001).
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4.4.5. Tendon Gene Expression

The tendon markers decorin, scleraxis and tenomodulin were assessed using qPCR (Fig.4.5)
for all experimental strain conditions and monolayer hMSCs. An increase was seen for TNMD
between the 2D cultured hMSCs (monolayer) and the 3D cultured hMSCs with significance
seen for the 5% group compared to the monolayer. SCXA was increased with mechanical
stimulation, but only one sample from the monolayer expressed detectable SCXA. Expression
of decorin, a key proteoglycan present in tendon, was highest in the control group and

significantly higher in the 3% strain group than with 5% or 10% strain.

SCXA TNMD DCN
A B C
0.0008— o 0.0010 . 8- -
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0.0008- .
Z 0.0006 z L6
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a 20.0004 a
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1 [ ] —
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MonoControl 3% 5% 10% MonoControl 3% 5% 10% Mono Control 3% 5%  10%

Figure 4.5. Gene expression analysis of tendon differentiation genes and a proteoglycan ECM
gene. A) Screlaxis B) Tendomodulin and C) Decorin. Values shown normalised to YWHAZ. n=3
experimental repeats from three separate experimental runs. Significance measured using
one-way ANOVA with Tukey’s post hoc multiple comparisons test (*indicates p<0.05, **

indicates p<0.01, *** indicates p<0.001).

Quantification by qPCR of the tendon collagen gene composition (COL1A1, COL3A1, COL5A1,
COL11A1, COL12A1 and COL14A1) was assessed after 21 days of cyclic tensile strain (or static
for control) (Fig.4.6). COL2A1 expression was also assessed and acted as a marker for non-
tenogenic differentiation. COL2A1, COL3A1 and COL11A1 were found to be significantly
higher with 5% cyclic strain than 3% cyclic strain or static conditions, with COL11A1 also
higher than 10% cyclic strain. Conversely COL12A1 was significantly lower with 5% and 10%
cyclic strain than the control group. A similar pattern was seen for COL1A1 and COL5A1

though no significance was seen.
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Figure 4.6. Gene expression analysis of collagen isoform composition in tissue engineered tendons. Relative expression is normalized to YWHAZ housekeeper.
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n=3 experimental repeats, each point designates one of three separate experimental runs. Significance was measured using a one-way ANOVA with Tukey’s

post hoc test and multiple comparisons (* indicates p<0.05, ** indicates p<0.01).
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4.4.6. Complete Tendon Collagen Composition Expression

The tendon collagen composition (types |, llI, V, XI, XII, XIV) was investigated by western blot
and the detected expression was quantified by densitometry (Fig.4.7). However collagen
type V and type XIV were not detected in any samples. Collagen type Il was used as a negative
marker. Procollagen al(l) and collagen al(l) beta chain were both detected on the western
blot membrane for collagen lal and have been included in the analysis of protein expression.
No significance was detected for collagen types |, XI or Xll. Collagen al1(ll) was found to be

significantly less abundant in the 3% and 10% cyclic strain groups compared to the control.
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Figure 4.7. Western blot analysis of tendon collagen isoforms in tissue engineered tendons. Proteins were quantified using densitometry, with representative
images of western blots show below each graph. Black bars indicate that a membrane has been cropped for the representative image. Values shown are
normalised to total protein. Significance was measured using one-way ANOVA with Tukey’s post hoc test and multiple comparisons (* indicates p<0.05).
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4.4.7. Transmission Electron Microscopy Analysis

Fig.4.8A shows representative images for TEM analysis of the samples after five weeks in
culture. The upper row of images shows the transverse cross-sections of the collagen fibrils
running through the engineered tendon. The lower row of images shows the longitudinal
orientation of collagen fibrils and highlight the anticipated surface banding pattern. Both sets

of images were taken using a x110,000 objective lens, scale bars represent 100 nm.

Fibrils in the 3% cyclic strain group developed the lowest diameter after the 21 day period
with a median of 33.8 nm, this was found to be significantly lower than all other groups
(p<0.001). The 10% strain group had the highest median diameter (41.2 nm), this was
significantly higher than the control (36.3 nm) as well as the 3% strain group (p<0.001). The

5% strain group (39.7 nm) was only significantly greater than the 3% strain group.

The percentage frequency distribution of the fibril diameter (Fig.4.8Ci, ii and iii) was found
for each sample using images of fibril cross sections across three experimental runs. The
percentage frequency distribution of fibril diameter for each cyclically stimulated group was
overlaid with the control groups diameter, highlighting the difference between static and
cyclic conditions. The 3% strain group (Fig.4.8Ci) shows the same peak range as the control
(30 nm to 36 nm). The 5% strain group (Fig.4.8Cii) has the same peak as the control group
but the curve is wider than the 3% strain group or control groups curve (5% strain peaks at
~11%, control and 3% strain peak at ~15%). The 10% strain groups (Fig.4.8Ciii) mode shifts
away from the control groups to 38 nm to 43 nm. Chi-squared tests between the control
group and each of the strain groups showed significant differences for each strain rate,
indicating that the application of any form of cyclic loading is resulting the a difference in the
structure of the fibrin hydrogel. The 10% strain group showed the largest difference from the

control group (p<0.0001).
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Figure 4.8. TEM analysis of tissue engineered tendons. (A) TEM images of engineered
tendons showing collagen fibrils. Upper images show transverse cross-sections, lower
images show longitudinal sections, all after 21 days of intermittent cyclic tensile strain and
at x11,000 objective. Analysis of individual fibres in transverse sections by imagelJ (B) showed
differences in fibre diameter with the extent of tensile strain. Data was generated from n=3
experimental runs of each condition by analysing multiple images from each samples. Data
from the same samples are indicated by identical coloured markers within each strain group.
Fibril diameters are shown as frequency distributions for (Ci) 3% strain, (Cii) 5% strain and
(Ciii) 10% strain, with the control group (orange) overlaid for comparison. Scale bars in (A)
represent 200 nm. Statistical significance of the minimum diameters was determined using
a linear mixed model whilst the distributions was measured with Chi-squared test (*

indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001).
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4.4.8. CNA35 Collagen-Probe Analysis

Representative images for DAPI, CNA35 collagen-probe staining and merged image are
shown in Fig.4.9 for all stimulation groups. Images are shown at the anchor point (internal
control) and the mid region (regions defined in section 2.2.8). Mid-region appeared to have

greater alignment of collagen fibres compared to the anchor point region.

Fibre orientation was measured after normalising orientation to 0°. The percentage
frequency distribution of the orientation is shown for the control, 3% strain, 5% strain and
10% strain groups, with the control mid region superimposed on the cyclically strained
graphs (Fig.4.10). Representative images are shown from the alignment analysis, here colour
has been assigned based on the orientation of the fibres (-90° to 90°): the more consistent
the colour of the fibres, the more aligned the structure (colour key shown in section 2.2.8).
It appears that the images from the mid region have more aligned fibres compared to the
anchor point region. The control mid region versus the cyclically strained mid regions are
shown above the x-axis whilst the anchor point region are shown below the x-axis. All groups
had significantly increased alignment in the mid region compared to anchor point region
except the control group (significance considered at 0°). All the strained groups had a more
aligned mid region compared to the control mid region, however only the 10% strain group
was significantly more aligned (above x-axis, significance considered at 0°), with 61.5% as
compared to 40% alignment in the control group. Alignment in the 3% and 5% strain groups

was intermediate between the control and 10% group at 45.7%, and 57.7% respectively.
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Figure 4.9. Tissue engineered tendons stained with CNA35 collagen-probe and DAPI
representative images. Upper images show the anchor point region of the hydrogel, the
lower images show the mid region of the hydrogel. Images appear to agree with the
hypothesis indicating that the mid region was more aligned in all conditions compared to the

anchor point region of the same sample.
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Figure 4.10. CNA35 collagen fibre analysis. The Image) plug-in (OrientationJ)) was used to

visualise and quantify fibril orientation from the CNA35 collagen-probe images parallel to the
strain axis (0° = parallel, shown as vertical in these images) in both regions. Graphs show the
frequency distribution of fibres aligned with the strain axis, with the mid-region shown above
the x-axis and the anchor point region shown below the x-axis. An overlay of the control
group mid region (in orange) is shown in for comparison. Images are representative of n=3
experimental repeats and scale bars represent 100 um. Error bars represent standard
deviation. Statistical significance cyclic strain vs static (above x-axis) and mid-point vs anchor
point (below x-axis) was determined using one-way ANOVA with Tukey’s post hoc test with

multiple comparison (p<0.05, ** p<0.01, *** p<0.001).
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4.4.9. Tensile Mechanical Testing

To determine how strain-induced differences in collagen isoform composition and collagen
fibril diameter relate to biomechanical function, the tensile and viscoelastic properties of the
engineered tendons were measured. No significant differences in construct diameters were
found across experimental groups (p>0.1),with the mean diameter being 2.43+0.32 mm. The
stress against strain profile for each sample (Fig.4.11A) highlights the consistency of the
trend for each stimulation, except for one control sample. The trend of the stress strain

IIJ/I

curves highlight the viscoelastic structure of the samples with the distinct shape curve
being apparent for each samples. In testing to failure the maximum stress, strain and Young's
modulus was found (Fig.4.11B-D). The 3% strain group had highest mean maximum stress
(57.7 kPa) (Fig.4.11B). This is 2 fold higher than the maximum stress for the control and 10%
strain group (p<0.025). The 5% strain group was 2.9 fold lower than the 3% group (20 kPa)
(p<0.004). The maximum strain (Fig.4.11C) was not significantly different between
experimental conditions. The static and 3% groups had the highest strain rates before
rupture, whilst the 5% and 10% strain groups had the lowest. The Young’s modulus,

calculated from the linear region of the stress strain curve was found to not be significantly

different between experimental groups (Fig.4.11D).
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Figure 4.11. Stress vs strain profiles for all tissue engineered tendon samples after 21 days
of intermittent cyclic tensile strain (Ai-Aiv). The maximum stress (B), maximum strain (C) and
Young’s modulus (D) were all calculated using the stress-strain profiles. The 3% strain group
showed the highest maximum stress. The maximum strain and Young’s modulus displayed
no significant changes across groups. Error bars represent standard deviation of the mean.
n=3 experimental repeats. Statistical significance was determined using one-way ANOVA

with Tukey’s post hoc test and multiple comparisons (*p<0.05, ** p<0.01).

The fibrin hydrogels displayed further viscoelastic biomechanical properties, that were
calculated from the preconditioning steps shown in (Fig.4.12B). Percentage energy loss was
calculated from the hysteresis runs: the 10% strain group had the lowest energy loss (47%)
whilst the 5% strain group had the highest (60%), however no significance was seen

(Fig.4.128).
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Figure 4.12. Viscoelastic profiles of tissue engineered tendons. (A) The hysteresis response
shows the recorded strain during sample loading and unloading. (B) The percentage energy
loss depicts how much energy is lost between the loading and unloading phase. Error bars
represent standard deviation of the mean. n=4 experimental repeats. Significance was

measured using one-way ANOVA with Tukey’s post hoc test and multiple comparisons.

In addition to hysteresis the relaxation of the samples was investigated to further understand
the viscoelastic properties. Staggered stresses are shown on the y-axis of Fig.4.13A to
separate the samples. The rate of stress relaxation was found between 0 and 60 s. The rate
of relaxation increased with increasing strain rate with 10% having the highest mean value

and was found to be significantly higher than the control group (p<0.05) (Fig.4.13B).
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Figure 4.13. The stress relaxation profiles (A) for the samples shows that all groups displayed
this viscoelastic characteristic. The start stresses are staggered to separate experimental
conditions. The rate of stress relaxation (B) was found to be highest in the 10% strain group
(p<0.05 vs control). Error bars represent standard deviation of the mean. n=3 experimental
repeats. Statistical significance was determined using one-way ANOVA with Tukey’s post hoc

test and multiple comparisons (*p<0.05).
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4.5. Discussion

Following the design and fabrication of the bioreactor chamber, the system was used to
apply cyclic tensile strain to MSC embedded fibrin hydrogels. Following a 14 days contraction
period the fibrin hydrogels were moved to the 3D printed chamber for 21 days of cyclic
loading, or stasis for the control group. Gene and protein expression of tenogenic markers
and collagens was altered by the extent of cyclic strain, as was collagenous tissue

composition, fibril diameter, fibre alignment and machinal properties.

H&E staining revealed that the tissue engineered tendons cultured with dynamic strain had
a more visibly pronounced alignment and a greater abundance of cells and matrix at the
surface than controls, supporting findings from previous studies (Noth et al., 2005, Benhardt
and Cosgriff-Hernandez, 2009). Picrosirius red staining imaged under polarised light
highlighted the areas rich in collagen due to the birefringent properties of collagen (Jett et
al., 2020). The 5% and 10% strain group appeared to have the most aligned structures, with
more widespread collagen supported by previous work showing increased collagen

alignment with strain (Weidenhamer and Tranquillo, 2013).

Alizarin red staining highlighted matrix mineralisation in both the static (control) and 10%
strain groups. The osteogenic products seen in the matrix was reinforced by increased ALP
activity in both groups suggesting that strain below or above physiologically acceptable levels
has detrimental effects on the development of tissue engineered tendon. The population of
cells used did not undergo cell sorting, it is therefore possible that the osteogenic products
are resultant of a sub population of the hMSCs pre-disposed to the osteogenic lineage. The
early (day 7) ALP peak in the control group suggests that tensile stimulation initially inhibits
the osteogenic differentiation. By day 14 the levels of ALP in the control media is not
significantly different to the 3% or 5% groups however the 10% group had become
significantly higher than the other groups. As the 10% group is considered beyond the
physiologically acceptable levels of strain, it appears that these excessive strains see the
tendons begin to undergo calcification, which is often a marker of degeneration in the native

tissue (Bethune et al., 2007, Seil et al., 2006).

Tenogenic markers scleraxis and tenomodulin both saw changes between monolayer cells
and 3D cultured cells. Scleraxis was only expressed by one monolayer sample whilst all 3D
samples from each experimental group expressed the gene demonstrating that 3D culture

alone results in greater expression of tendon markers. The highest loading group then saw
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an significant increases in scleraxis compared to the control group suggesting that 5 and 10%
cyclic strain results in a upregulation of tendon specific differentiation of MSCs. Tenomodulin
was only found to be significant between the 5% strain group and the monolayer, this
suggests that the 5% strain, physiologically appropriate strain, is upregulating both scleraxis

and tenomodulin whilst the degenerative strain, 10%, is inhibiting tenomodulin.

The complete collagen composition of tendon was investigated to assess the success of
different rate of tensile stimulation for tissue engineered tendon, to the authors knowledge
this has not been previously done before. The negative marker COL2A1 was found to be
significantly higher in the 5% strain group compared to the control and 3% strain groups,
disagreeing with the tendon specific gene expression. It should be noted that the expression
of COL2A1 was the lowest of all collagen genes investigated as seen previously (Maeda et al.,
2010, Udeze et al., 2019). This demonstrates that despite the 5% strain group having a
significantly higher expression it is not the dominant collagen being transcribed. Dynamic
tensile stimulation increased collagen Il inhibition as the detected protein collagen al(ll) was
lower in all cyclically strained groups compared to the static control group (5% not
significant). Alcian blue staining showed no obvious structural difference between
conditions, aligning with the collagen Il results and demonstrating that the 3D tendon culture

inhibited chondrogenic differentiation which cyclic strain further supressed.

Different studies have reported different collagen | and Il responses to tensile stimulation.
The rate of the stimulation and the 3D environment generate the largest variation across
these studies. In collagen hydrogels increased expression of COL1A1 and COL3A1 has been
reported with 2%, 4% and 6% strain at 0.1 Hz, and with 2% and 4% strain at 1 Hz, for 2 hours
per day over 7 days (Subramanian et al., 2017). In crosslinked collagen scaffolds increased
expression of COL3A1, but not COL1A1 has been reported (Qiu et al., 2016, Grier et al., 2017),
whilst in decellularized tendon or synthetic scaffolds, increased expression of COL1A1 (Webb
et al., 2006, Zhang and Wang, 2010, Xu et al., 2015) or both COL1A1 and COL3A1 (Xu et al.,
2014, Barber et al., 2013, Lee et al., 2018, Wu et al., 2017, Engebretson et al., 2018) with
cyclic strain has been reported. However in some situations expression of these collagens is
unchanged. It may be that high level synthesis of type | collagen occurs during formation of
the embryonic tendons and that expression and protein content then stabilises. Alterations
in fibril diameter and fibre alignment with strain may not require alterations in type | collagen

content.
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Increased expression of collagen XI has been suggested, along with collagen V, to indicate a
more developed structure as these regulatory collagens decrease in abundance as they are
no longer required to organise the collagen | fibrils (Wenstrup et al., 2011). In the present
study the COL11A1 gene expression was highest in the cyclically stimulated groups (peaking
for 5%) but the collagen al(Xl) protein detected was lowest in the stimulated groups,
suggesting that cyclic stimulation drives the production of a more regulated ECM, therefore
due to the high alignment the mRNA is not translated to protein. COL12A1 was the most
highly expressed mRNA of all the collagens but with significantly lower expression in the 5%
and 10% strained groups. Reductions in COL12A1 expression could indicate fibril remodelling
although no significant alterations in protein levels were detected by western blotting. Type
XIV collagen is highly expressed during embryonic tendon development (Young et al., 2000)
and subsequently replaced with type Xl (Ansorge et al., 2009). In the present study no type
XIV was detected by western blot suggesting that the tissue engineered tendons had
matured beyond the developmental stage or the type XIV antibody was less sensitive than

that for type XIl.

The initial hypothesise was that 10% strain would act as a degenerative level of stimulation
and result in impaired tendon formation based on reports (Wang, 2006) suggesting that >6%
strain may result in damage to the structure of native tendon, but this was not strongly
supported by the data. TEM analysis was used to investigate how the application of cyclic
tensile stimulation manipulated collagen fibril maturation. Both longitudinal and transverse
sections were used for imaging. The longitudinal sections show the length of the fibrils and
clearly display the collagen banding pattern (Shoulders and Raines, 2009). The transverse
sections were used to investigate the cross-sectional dimensions of the fibrils. In native
tendon the collagen fibrils in the ECM have a varying cross sectional areas due to the
presence of multiple fibril types. Starborg et al. (2013) show the diameter of rat tail collagen
fibrils range from 0 nm to 240 nm. In the present study the fibril diameter peaked at
approximately 80 nm suggesting that the collagen fibrils in the engineered samples are not
as developed as that in native tendons. However the native rat tail tendon has approximately
40% of all fibrils with a diameter of 0 to 80 nm. The fibril diameter was largest in the 10%
group and lowest in the control and 3% groups. Similar results have been seen in previous
studies where stimulation has resulted in an increase in the range of fibril areas (Breidenbach
etal., 2015). Kalson et al. (2011) applied slow stretch which double the length of fibrin-based
tendon-like constructs over 4 days and found an increase in fibril diameter from 34.4 to 38.4

nm (a 12% increase). The present studies results would therefore suggest a more developed
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tendon with the application of cyclic tensile loading. A comparable increase in collagen fibril
diameters in cell engineered tendons to native tendons may require a combination of slow
stretching, cyclic strain or optimised concentrations of suitable combinations of growth

factor cocktails (Hagerty et al., 2012, West et al., 2015).

Previous work by Lee et al. (2017) and Atkinson et al. (2020), both showed finite element
analysis data for engineered tissue cyclically loaded between two posts (as with our study).
The force displacement images across the sample showed that the highest and lowest value
of force is located around the posts (high variation), whilst only the median force acts in the
centre (low variation), it was therefore hypothesised that the highest alignment would be at
the centre of the engineered tendons where the force is most consistent. Through staining
with the CNA35 collagen-probe and image analysis this was observed for all groups. The 10%
strain groups anchor point region was found to be the most aligned, however it is not
currently known if this is due to purely mechanical processes, or if cell-directed fibril

alignment or collagen isoform composition play a role in orientation.

Several publications have routinely showed an increase in fibril cross sectional area and
alignment results in an increase in the mechanical properties of tissue engineered tendon
(Liao and Vesely, 2003, Battaglia et al., 2003, Lin et al., 2004). In the present study the
increased maximum stress corresponded with a decrease in collagen fibril diameter (3%
strain group), although ultimate stress has previously been shown to be unrelated to collagen
fibril diameter, in ex-vivo stress-deprived tendons (Lavagnino et al., 2005). An increased rate
stress relaxation was detected with increasing strain rates. Changes in the rate of stress
relaxation may be in response to a decrease in GAGs, as fluid flow is disrupted into and out
of the tissue, or a decrease in SLRPs (Elliott et al., 2003, Legerlotz et al., 2013, Ahmadzadeh
et al., 2015, Robinson et al., 2017, Screen et al., 2011). GAGs were only investigated through
a qualitative measurement, Alcian blue staining, highlighting no apparent differences
between loading conditions, however the gene expression of the SLRP decorin was
investigated with a quantitative assay. The 10% group showed the lowest gene expression
of DCN aligning with increased rate of stress relaxation, decreased decorin has also been
related to increased collagen fibril diameters (Zhang et al., 2006), of which the 10% group
was found to have the largest. However no difference was detected for maximum stress or
Young’s modulus across the strain groups whereas previous work has shown decorin null
mice to be inhibited for these parameters (Zhang et al., 2006). No change in Young’s modulus

between the static and cyclically strained groups aligns with a previous study which applied
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2.4% cyclic strain to fibrin-based tendon-like constructs (Breidenbach et al., 2015).
Conversely application of cyclic strain to collagen hydrogels at 2.4% strain or to poly-(e-
caprolactone) scaffolds at 3% strain (Banik and Brown, 2020) was found to increase the final
modulus (Juncosa-Melvin et al., 2007). The choice of material for 3D culture has a substantial
effect on the final outcome of the tissue engineered structure, from fibril diameter and
alignment to the mechanical capabilities, these parameters should all be considered when

selecting an appropriate material.

4.5.1. Conclusion

The extent of cyclic strain influenced collagen isoform expression, fibril diameter and fibre
alignment as well as the mechanical properties of the cell-engineered tendons-like
biomaterials. 3% cyclic strain slightly decreased fibril diameter whilst increasing maximum
stress two-fold. The 5% cyclically strained group showed increased expression of the
tenogenic markers scleraxis and tenomodulin, as well as COL2A1, COL3A1 and COL11A1
genes but significantly lower expression of the COL12A1 gene and reduced type Il collagen
protein content. COL12A1 expression was also decreased in 10% strain as was type |l collagen
protein content. The 10% strain group had increased expression of scleraxis, increased
collagen fibre alignment in the mid-region and increased collagen fibril diameter, as well as
a higher stress relaxation, indicative of an improved ability to alter its internal structure in
response to external stress. Most parameters tested had a non-linear response to increasing
cyclic strain during culture although fibre alignment, which increased with increasing cyclic
strain, was a notable exception. These results suggest that different rates of cyclic loading
will have varying effects on the engineered tissue. The structural response of the engineered
tissue, collagen alignment and diameter, appeared to be more driven by the cyclic tensile
loading than the production of specific collagens which showed less of a trend with loading.
This suggests that structural properties of collagen can be driven by varying cyclic tensile
loading alone, however the addition of specific supplements such as FGF or TGF-B may be
required to see a more pronounced response within the collagen type composition. Further
work is needed to confirm if the complete collagen composition can be used to determine

the state of the tissue engineered structure.
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5.1. Introduction

Compressive mechanical stimuli play important roles during bone and cartilage
development, homeostasis and maintenance. These forces include hydrostatic pressure,
which creates a mechanical-biological coupled relationship that translates macroscale forces
to cells. Hydrostatic pressure is caused by confined compressive force acting on fluid-filled
tissues. In bone, hydrostatic pressure has been repeatedly shown to stimulate differentiation
and tissue building, with dynamic or cyclic pressures around 300 kPa associated with
upregulation of osteogenic gene markers (e.g. Cox2, Runx2, Opn) and the mineralisation of
the ECM (Liu et al., 2009b, Liu et al., 2010a, Sugimoto et al., 2017, Stavenschi et al., 2018). In
cartilage, hydrostatic pressure has been shown to significantly upregulate chondrogenic
gene expression (e.g. Sox9, aggrecan, collagen type Il) (Angele et al., 2003, Wagner et al.,
2008, Ogawa et al., 2009) and chondrogenic matrix production from MSCs in some studies,
whilst other researchers have found little chondrogenic effect (Finger et al., 2007, Zeiter et
al., 2009). These previous studies indicate that hydrostatic pressure is a primary physiological
stimulus driving bone adaptation to load, and a secondary (or contributary) stimulus in

cartilage.

MSCs have the potential to differentiate into chondrocytes and osteoblasts in response to
appropriate chemical and mechanical stimulation. During chondrogenic differentiation MSCs
differentiate first into chondroblasts which generate chondrogenic ECM (e.g. collagen II,
collagen IX, and aggrecan), resulting in the chondroblasts separating from each other and
terminally differentiating into chondrocytes with a distinctive spherical morphology and
pericellular matrix, or chondron (Lefebvre and Smits, 2005). Under osteogenic stimuli, MSCs
may differentiate into osteoblasts, resulting in the synthesis and secretion of bone ECM (e.g.
collagen |, osteopontin) and in turn mineralisation of the structure which is mediated by

alkaline phosphatase and embedded ECM proteins such as osteocalcin (Huang et al., 2007).

Mature bone and cartilage can be subjected to both underloading (lack of exercise) and
mechanical overloading (e.g. trauma) — which is theoretically transduced into broadly
healthy and unhealthy levels of hydrostatic pressure (Elder and Athanasiou, 2009, Stavenschi
et al., 2018). MSCs are therefore a good candidates for studying the role that physiological
levels of exercise play in skeletal development by correlating macroscale forces associated
with activity, to hydrostatic pressures generated in the tissue, and a characteristic response

by musculoskeletal cells.
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It has been calculated that due to stress shielding the actual pressure experienced by
osteocytes in the canalicula-lacuna network of load-bearing bones is in the order of 300 kPa,
significantly lower than that of pressure generated in the joint synovial fluid during exercise
(~18 MPa) (Zhang et al., 1998). Therefore, is has been theorised that chondrocytes typically
experience higher mechanical loads than osteoblasts, one aim of this study is to investigate

if relatively low pressure inhibits or accelerates chondrogenic differentiation of adult MSCs.

Chemical stimulation has also been widely used to induce differentiation in cultured MSCs.
For chondrogenesis, TGF-B3, dexamethasone, Insulin-Transferrin-Selenium and L-ascorbic
acid are added to the culture medium (Murdoch et al., 2007) whilst for osteogenesis;
dexamethasone, B-glycerophosphate and L-ascorbic acid are used (Jaiswal et al., 1997).
Though it is accepted that the MSCs will differentiate to the desired lineage, the resulting
bone or cartilage does not display exactly the same ECM composition, structure or
morphology as native tissue, which is thought to be due to the lack of physiological multi-
modal stimulation in cell culture (Wang and Chen, 2013). The application of mechanical
stimulation to cells in culture has therefore become a major area of research in tissue
engineering. Most published studies focus on the role of hydrostatic pressure as a stimulus
in combination with a single type of differentiation media (e.g. osteogenic or chondrogenic),

but rarely are these compared in a single experiment.

The application of hydrostatic pressure in vitro is typically achieved through the use of
bioreactors. There are a number of commercially available and custom designed hydrostatic
pressure bioreactors, including the CartiGen HP which was developed by Professor Alicia El
Haj and Dr James Henstock, engineered by TissueGrowth Technologies and originally
marketed by Instron. The bioreactor was validated and used for several bone culture
experiments, showing for example that expression of osteogenic genes (osteonectin and
osteopontin) were significantly upregulated when chick femurs were cultured within the
system, together with proportional increases in bone formation and density as the
magnitude and frequency of pressure was increased (Henstock et al., 2013). Using the El Haj
groups bioreactor as a basis an updated version was produced for the present study featuring

the same culture chamber but with a new air compressor, valve manifold and software.

The majority of published studies report the effects of hydrostatic pressure on key ECM
genes/proteins, neglecting to investigate the less abundant ECM components which may
nevertheless play an important role in regulating tissue neosynthesis and act as important

biomarkers. Some of the most routinely overlooked ECM components are the minor
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collagens. Eight collagens have been reported in adult cartilage ECM: |, I, V, VI, IX, X, XI, XII
(Luo et al., 2017), whilst in bone there are eleven: |, I, lll, V, VI, IX, X, XI, XII, XIV, and XXIV
(Tzaphlidou, 2005). In this investigation some of the collagens that are expressed in both
bone and cartilage have been investigated, therefore acting as conserved biomarkers to
assay differential responses between chondrogenesis and osteogenesis in response to
mechanical loading. Through these combinations of collagen isoform expression it is possible
to determine the extent and ‘quality’ of the tissue which is formed, i.e. how closely the newly
formed ECM corresponds to native tissue, and therefore assess functionality as

bioengineered tissue for regenerative medicine.

The effect of hydrostatic pressure on the differentiation of hMSCs and the subsequent
collagen production has been investigated in the present study. Whilst it is well established
that hydrostatic pressure aids in the differentiation of hMSCs cultured in osteogenic or
chondrogenic media (Liu et al., 20093, Saha et al., 2017) the isolated role is not. This study
will look to apply a range of hydrostatic pressures from 0 kPa to 300 kPa, the upper limit of
the bioreactor in use, to hMSCs cultured in either chondrogenic, osteogenic or supplement
free (basic) media, establishing how significant of a role hydrostatic pressure plays in the

differentiation of MSCs.

5.2. Hypothesis

Differentiation is not solely driven by chemical stimulation (culture media supplements) but
can be achieved by varying one consistent form of mechanical stimulation applied to the cells
to better reflect that of native tissue. The differentiation can then be established by

investigating the collagens produced in response to the mechanical stimulation.

5.3. Aims

1. Investigate the role of relatively low levels of cyclic hydrostatic pressure in
stimulation of chondrogenic differentiation of MSCs through characterising the
collagens produced by the cells.

2. Investigate the role of physiologically relevant levels of hydrostatic pressure in
stimulation of osteogenic differentiation of MSCs through characterising the

collagens produced by the cells.
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5.4, Experimental setup

5.4.1. Hydrostatic Pressure

For the hydrostatic pressure study an in house developed bioreactor was utilised based on a
previously published design outlined by Henstock et al. (2013). The system operates using a
well plate placed within an airtight hydrostatic pressure chamber (HPC) (Fig.5.1). The
chamber then connected to a valve manifold (Festo, UK) which was fed compressed air at
400 kPa by an air compressor (BAMBI, UK) (Fig.5.1). The valve manifold was controlled by an
in house developed software which regulated the magnitude, frequency and duration of
pressure applied to the HPC. The compressed air could be supplied at a maximum of 300 kPa

and was sterilised by passing through an air filter at the entrance of the HPC (Fig.5.1).

Valve manifold

Hydrostatic pressure

chamber lid

Hydrostatic pressure
chamber

Hydrostatic pressure

chamber entrance and
airtight lid

IBNMIBI PT50

OILFREE

Air compressor

Figure 5.1. Hydrostatic pressure bioreactor setup.

Notes on usage: i) The temperature of the compressed air was not controlled, to account for
this the none stimulated control group was left at room temperature for the same time
period as the hydrostatically stimulated samples. ii) As the samples are stimulated with

hydrostatic pressure a small amount of media was evaporated (higher in the higher-pressure
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groups), this was controlled by replacing the vapourised media with sterile PBS at the end of
the stimulation period.

Microtissues, the term used to denote the cell embedded fibrin hydrogels used throughout
this study, were generated as explained in section 2.2.3.2. Briefly 1.25x10° cell/ml of hMSCs
were seeded in fibrin hydrogels within a 48 well plate and allowed to contract for one week
in basic media. Following the contraction phase the samples randomly were transferred by
passive suction into a 24 well plate and cultured in designated culture media (basic,
chondrogenic or osteogenic) for three weeks whilst being subjected to 0 kPa, 100 kPa, 200
kPa or 300 kPa hydrostatic pressure for one hour a day, five days a week at 1 Hz.

Analysis. Analysis of the microtissues was by the following techniques, for which the relevant
n-numbers of samples are indicated in [brackets] (randomisation and statistical strategy

described below):

Assay Number of samples
=  Protein analysis (Western blotting) [six samples]
=  Gene expression analysis (QPCR) [six samples]
= 3D morphometry and densitometry (uCT) [six samples]
= Tissue microstructure (histology staining) [three samples]

Experimental statistical design. All media types (basic, chondrogenic and osteogenic) were
used across the plate to account for run variation. At the end of the contraction phase the
microtissues were given a number (1-96) based on position in the 48 well plate (Al on plate
1=1, F8 on plate 2=96), a random number sequence was generated (Random.org) with the
first number in the sequence moved to position Al in the control 24 well plate and the final
number in the sequence to D6 on the 300 kPa plate. For each hydrostatic pressure
individually each well in the 24 well plate was then given a new number (1-24) based on well
position (Al=1, D6=24), the number sequence was randomised (random.org) with the first
eight numbers being cultured in basic media, the second in chondrogenic media and the last
eight in osteogenic media. Three experimental runs were required to generate enough
samples. At the end of each run the eight samples within each media group for each loading
condition were designated a number 1-8 and the sequence was randomised (Random.org),
the first and second samples in the sequence were used for protein analysis, the third and

fourth for gene analysis, fifth and sixth for uCT, seventh for histology and eighth as a reserve.

5.4.2. Hydrostatic Pressure Loading Regime

After the one-week contraction period the samples were moved to a prepared 24 well plate

and 500 ul of the appropriate media was added to each sample. When not being stimulated
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the well plates were kept in the same humidified incubator at 37°Cin 5% CO,. The HPC airline
filter was sterilised using an autoclave whilst the HPC was sterilised with 70% ethanol and
left to dry in a sterile cell culture hood. The air filter was then placed into the HPC and the
air-tight lid was attached. Within the sterile cell culture hood the HPC lid was removed and
the appropriate well plate was placed into the HPC. The well plate lid was then removed and
the HPC lid was placed onto the HPC and secured. The HPC was then attached to the
compressed air tank via the valve manifold and hydrostatic pressure was applied to the
samples at either 100 kPa, 200 kPa or 300 kPa at 1 Hz for one hour a day, repeated for five
days a week over three weeks. Stimulation was applied as a sinusoidal waveform as selected
on the bioreactor control software. The control samples (not stimulated by pressure) were
left in the sterile culture hood for one hour a day to replicate the temperature conditions of

the loaded samples.

187



Chapter 5

5.5. Results

5.5.1. Hydrogel weight and Appearance

After the hydrostatic pressure regime (three weeks stimulation) the samples were removed
from the well plate and imaged using a dissecting microscope (Fig.5.2). Distinct differences

can be seen between size, colour and opacity of the samples.

Control 100 kPa 200 kPa 300 kPa

Basic

Chondrogenic

Osteogenic

Figure 5.2. Representative images of microtissues cultured in basic, chondrogenic and
osteogenic media following stimulation with intermittent, cyclic hydrostatic pressure for 21

days. Scale bar = 10 mm.

The wet weight of the samples was measured immediately after the completion of the
experiment (Fig.5.3). Microtissues cultured in in basic medium showed a decrease in weight
with increasing pressure, while microtissues in chondrogenic medium showed no change in
weight over the range of pressures used in this study. Microtissues cultured in osteogenic
media generated the heaviest samples with the 200 kPa group being the heaviest overall
(36.4 mg) - this was significantly higher than both the 100 kPa (23.2 mg, p<0.001) and the
300 kPa (25.9 mg, p<0.05) from the osteogenic group, whilst the control group was also
significantly higher than the 100 kPa group (31.6 mg, p<0.001).
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Figure 5.3. Weight of microtissues across basic, chondrogenic and osteogenic media groups.
Error bars represent standard deviation. n=18 repeats. Statistical analysis using two-way
ANOVA with Tukey’s post hoc test and multiple comparisons, (* indicates p<0.05, ***
indicates p<0.001).
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5.5.2. Histology

5.5.2.1. H&E

Qualitative histology was used to visually assess the response of the microtissues to the
applied hydrostatic pressure. H&E staining (Fig.5.4) highlighted differences in tissue
structure caused by the differentiation medias, but with minimal noticeable differences
within each group in response to hydrostatic pressure. The basic and chondrogenic groups
appear similar, however the osteogenic group appeared significantly different to the two
others with far less intense staining across the whole structure suggesting less ECM

production by the cells in this condition.

Control 100 kPa 200 kPa 300 kPa

Basic

Chondrogenic

Osteogenic

Figure 5.4. H&E staining of microtissues cultured in basic, chondrogenic or osteogenic media
following 21-days hydrostatic pressure stimulation at 100 kPa, 200 kPa or 300 kPa.
Representative images were taken with 10x objective, n=3 repeats. Scale bars represent 500

um.
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5.5.2.2. Alcian Blue

The basic and osteogenic media groups both displayed small amounts of GAG using Alcian
blue staining (Fig.5.5) The most staining appears to be in the chondrogenic media group,
where there appears to be an intense streak of blue running through the centre of the control
and 300 kPa samples of the chondrogenic group, this suggests that the media is having
driving effect on chondrogenic differentiation which low levels of hydrostatic pressure may
be inhibiting. However the 100 kPa and 200 kPa microtissues from the chondrogenic media
group still appear to have greater statin than other media groups, cross comparison is
impaired by varying light intensity between groups. Networks of increased GAG deposition
could be due to increased regional cell density (not seen on H&E), or due to localised

deformations, or creases in the hydrogel matrix.

Control 100 kPa 200 kPa 300 kPa

Basic

Chondrogenic

Osteogenic

Figure 5.5. Alcian blue staining of microtissues cultured in basic, chondrogenic, or osteogenic
media following 21-day period hydrostatic pressure stimulation at 100 kPa, 200 kPa or 300
kPa. Representative images were taken with 10x objective, n=3 repeats. Scale bars represent

500 pum.
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5.5.2.3. Alizarin Red

Alizarin red stains calcium hydroxyapatite within the microtissue (Fig.4.6). Differences in
overall staining intensity appear across the media groups, indicating various degrees of
calcification occur in all samples, with noticeable changes in the pattern of mineralisation

seen across hydrostatic pressure regimen.

Calcification was minimal in basic media, whilst in chondrogenic media areas of
mineralisation were detected in microtissues exposed to 300 kPa pressure. All stimulated
osteogenic media samples showed a distinctive pattern of mineralisation, which was not
seen in the osteogenic media control, basic or chondrogenic media groups, indicating
interaction between media supplementation and mechanical loading. The nodular pattern

of mineralisation was most prominent in the osteogenic 300 kPa group.
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Figure 5.6. Alizarin red staining of microtissues cultured in basic, chondrogenic, or osteogenic
media following 14-day period hydrostatic pressure stimulation at 100 kPa, 200 kPa or 300
kPa. Representative images were taken with 10x objective, n=3 repeats. Scale bar represents

500 pm.
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The amount of calcium hydroxyapatite in the osteogenic media group was quantified by
staining six samples from each regimen with Alizarin red and quantifying the extracted
staining using cetylpyridinium chloride solution. The absorbance of the chelate was then
measured to give a quantitative reading (Fig.5.7). The 300 kPa group was most calcified

(0.237 Abs) and was significantly higher than all other groups.

A Control 100kPa 200kPa 300kPa

Osteogenic
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Figure 5.7. Alizarin red assay for osteogenic microtissues. (A) Representative images of
Alizarin red stained hydrogels from the osteogenic media group. (B) Absorbance readings for
these-stained hydrogels. n=6 repeats. Error bars represent standard deviation of the mean.
Statistical significance measured using one-way ANOVA with multiple comparisons and

Tukey’s post hoc test (* indicates p<0.05, ** indicates p<0.01). Scale bar represents 1 mm.
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5.5.2.4. Picrosirius Red

Under polarised light collagen stained with Picrosirius red illuminates red, green and yellow
due to the birefringent properties of collagen (Fig.5.8). The illuminated staining appeared to
be the lowest in the osteogenic media group, with none detected in the control group. The
chondrogenic group appeared to have the highest density of collagen in the core of the
hydrogel for all conditions whilst the basic media group appeared to have staining across the
hydrogel, especially in the centre and edges. To highlight the collagen in the different groups
different levels of exposure was required therefore little comparisons can be made across
groups, however the osteogenic group required the highest increase in exposure to highlight

any collagen, suggesting this group produced the least. The original un-enhanced images are

found in Appendix I.
Control 100 kPa 200 kPa 300 kPa

Basic

Chondrogenic

Osteogenic

Figure 5.8. Picrosirius red staining of microtissues cultured in basic, chondrogenic,
osteogenic media following 14-day period hydrostatic pressure stimulation at 100 kPa, 200
kPa or 300 kPa. Representative images are shown for Picrosirius Red to show collagen
deposition under polarised light, the osteogenic group required increased exposure to detect
any collagen, basic and chondrogenic were captured with same parameters. Representative

images were taken with 4x objective, n=3 repeats. Scale bar represents 500 um.
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5.5.3. Alkaline Phosphatase Assay

ALP activity was measured in the culture medium at the end of each 7-day timepoint using
the 4-methylumbelliferyl phosphate fluorescent substrate assay. No ALP activity was
detected in samples cultured in chondrogenic media (fluorescence values were below the

detection threshold / control even after extended incubation with the assay reagent).

In basic media (Fig.5.9A), the application of any hydrostatic pressure regime appeared to
decease ALP activity in the media compared to the unstimulated control, which was
significant (p<0.01) at the 7- and 21-day time points. This same general response was also
observed in the ALP activity of samples cultured in osteogenic media (Fig.5.9B). Similarly, ALP

activity decreased over time in both the basic media and osteogenic media groups.
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Figure 5.9. Graphs of alkaline phosphatase media content over the hydrostatic pressure
stimulation period for Basic (A) and osteogenic (B) media groups. Error bars represent
standard deviation. n=6 repeats. Significance measured using two-way ANOVA with multiple
comparisons and Tukey’s post hoc test and multiple comparisons (* indicates p<0.05, **

indicates p<0.01 and *** indicates p<0.001).
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5.5.4. Hydrostatic Pressure Collagen Gene Response

Collagen gene expression was measured for a range of collagen types found in bone and
cartilage (Fig.5.10). COL2A1 was highest in the chondrogenic media group though no
significance difference was seen across pressure regimen within the media groups. COL5A1
was significantly lower in the control microtissues of the basic media group versus the 200
kPa and 300 kPa microtissues. The basic 300 kPa microtissues were found to be significantly
higher than the control microtissues for COL11A1. COL6A1 and COL9A1 were not detected

in the basic media group.

COL9A1 and COL24A1 were not detected in the chondrogenic media group. COL10A1
showed a significant increase with hydrostatic pressure with both the 200 kPa and 300 kPa
being higher than the control in the chondrogenic group. COL1A1, COL5A1, COL6A1 and
COL11A1 all saw an increase with hydrostatic pressure peaking at different rates, none were

significant. COL2A1 did not change across the pressure regime.

For the osteogenic media COL2A1 peaked at 100 kPa and but was not significantly higher
than other pressures. Similarly COL10A1 peaked at 100 kPa which was significantly higher
than 200 kPa. COL6A1 and COL11A1 also peaked at mid pressure regimes (100 kPa) but only
COL11A1 saw significance with control, 100 kPa and 200 kPa being significantly higher than
300 kPa. COL5A1 was not detected in the control or 100 kPa regimes and only one sample
expressed COL5A1 in the 200 kPa regime. COL24A1 was not detected.

Two-way ANOVA showed significance between media type for COL5A1 (p<0.05) . A
significant interaction between media groups and pressure regimes was detected for

COL10A1 and COL11A1 (p<0.001).
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mean. n<6 experimental repeats. Significance measured using one way ANOVA with multiple comparisons and Tukey’s post hoc test for COL9A1 and COL24A1.
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Figure 5.10. Collagen gene expression for hydrostatic pressure regimen. Values are shown normalised to GAPDH. Error bars depict standard deviation of the
Statistical significance measured using Two-way ANOVA with Tukey’s post hoc test and multiple comparisons were performed on remaining genes. For non-

parametric data a Kruskal-Wallis test was applied. (* indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001).
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5.5.5. Collagen Composition in Response to Hydrostatic

Pressure

Densitometry was performed following western blotting to analyse the collagen synthesis by
the microtissues in response to hydrostatic pressure (Fig.5.11). Collagen V, VI and IX were

not detected for any samples across all media conditions.

For basic media, mature alpha (tropocollagen), pro-form and beta (cross-linked) chain of
collagen 1 all follow a similar trend of decreasing with increasing hydrostatic pressure.
Collagen Il and X follow a similar trend. Collagen XXIV sees an initial increase between the
control group and 100 kPa and then a gradual decline up to 300 kPa, and all the pressure

regimen are greater than the control group. Collagen Xl was not detected.

Procollagen |, collagen | beta chain and collagen Il all show a similar trend of increasing with
hydrostatic pressure for the chondrogenic media group. Collagen | shows very little change
across all pressure regimes. Collagen X, XI and XXIV decrease slightly with increasing

pressure. No chondrogenic collagen expression was found to be significant.

Neither collagen Il or Xl was detected for any osteogenic media sample. Very little change is
seen for collagen |, procollagen | or the collagen | beta chain across all pressure regimes with
the 100 kPa group having the highest expression. Expression of collagen X did not change
across pressure regimen. Collagen XXIV saw a decrease between the control and the

hydrostatic pressure regimen, but was not found to be significant.

Two-way ANOVA showed significance across media for collagen al(XXIV) (p<0.001). The
interaction between media and pressure was significant for collagen al(l) beta chain and

collagen al(X) (p<0.01).
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Figure 5.11. Densitometry of collagen types for hydrostatic pressure regimen. Representative images of western blots shown below graphs. Values are shown

normalised to total protein. Error bars depict standard deviation of the mean. n<6 experimental repeats. Statistical significance measured using one way

ANOVA with Tukey’s post hoc test and multiple comparisons for collagen al1(Xl). Significance measured using Two-way ANOVA with Tukey’s post hoc test and

multiple comparisons were performed on remaining collagen types.
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5.5.6. Micro-Computed Tomography

Fig.5.12 depict representative uCT images of the hydrogels for the basic, chondrogenic and
osteogenic media groups. The first column of the figure shows the total microtissue volume,
the second column shows the mineralised deposits within the microtissue volume and the
third column shows the mineralised deposits (red) superimposed on the total volume. It
appears that the basic media group had the most consistent mineralised deposits across all
hydrostatic pressure conditions. The chondrogenic group appears to have a higher number
of mineralised deposits in the control and 300 kPa groups. The osteogenic media group has
a similar amount of mineralised deposits in the control and 100 kPa groups however this

appeared to dramatically drop with the 200 kPa and 300 kPa groups.

The lowest percentage mineralised volume (Fig.5.13A) for all media types was the 200 kPa
regime. The 300 kPa regime coupled with basic media had the highest overall percentage
mineralised volume and was significantly higher than control (p<0.001) and 200 kPa
(p<0.001). The control samples had the highest percentage volume for the chondrogenic
media group, this was significantly higher than 100 kPa, 200 kPa and 300 kPa samples
(p<0.001). Both 100 kPa and 300 kPa were found to be significantly higher than 200 kPa
(p<0.01). The osteogenic control and 100 kPa samples were both significantly higher than
the 200 kPa and 300 kPa samples (p<0.001). Two-way ANOVA analysis showed that the

interaction between pressure and media was significant (p<0.001).

The density of the mineralised deposits (Fig.5.13B) was found to be highest overall in the 200
kPa and 300 kPa microtissues from the osteogenic media groups, with both the 200 kPa and
300 kPa samples being significantly higher than the osteogenic control (p<0.05) and 100 kPa
samples (p<0.01). The 300 kPa basic media samples had the highest density whilst the
control, 100 kPa and 200 kPa samples all have similar densities within the basic media group.
The chondrogenic media group had the opposite trend to the basic media group with the
control, 100 kPa and 200 kPa samples having similar and the highest densities in the media
group. Two-way ANOVA analysis indicated a significant interaction between media and

pressure for the density of the mineralised particles (p<0.001).
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Osteogenic Media
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Figure 5.12. Representative uCT images of microtissues from each media group and pressure regimen for total hydrogel volume, mineralised deposits and

mineralised deposits superimposed onto total hydrogel volume. Scale bar = 10 mm.
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Figure 5.13. uCT analysis of hydrostatic pressure microtissues. (A) Percentage of mineralised
volume, comparison of all media groups. (B) Comparison of the density of mineralised
deposits in microtissue across all media groups. Error bars depict standard deviation of the
mean. n=6 repeats. Statistical significance measured using two-way ANOVA with Tukey’s
post hoc test and multiple comparisons (* indicates p<0.05, ** indicates p<0.01, ***

indicates p<0.001).
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5.6. Discussion

Hydrostatic pressure was applied to MSCs seeded within fibrin hydrogels at 100 kPa, 200 kPa
and 300 kPa based on previous studies which found pressures of approximately 300 kPa to
be consistent with pressure sensed by osteocytes in the canalicula-lacuna network of load-
bearing bone (Zhang et al., 1998), this was also the upper limit of the bioreactor. The loading
regimen was applied for three weeks at either 100 kPa, 200 kPa or 300 kPa, 1 Hz for 1 hour
per day (five days on, two days off) following seven days of free swelling contraction in basic
media. After the contraction period was completed the samples were either maintained in

basic media or moved to osteogenic or chondrogenic differentiation media.

The microtissue appeared to change more due to the culture medium than the pressure
applied, with colour and size varying between differentiation groups. The basic and
chondrogenic media groups showed yellowing in colour and appeared similar in size (the
chondrogenic slightly larger) whilst the osteogenic media group remained whiter and much
larger. The basic media group was found to be the lightest of all groups with no significant
differences across pressure regimens. The chondrogenic media group again showed no
differences between pressure regimes and was found to be lighter than the osteogenic
media group. The 200 kPa samples cultured in osteogenic media were found to be the
heaviest overall and significantly heavier than the osteogenic 100 kPa and 300 kPa. Changes
in construct size and wight has previously been seen as a result of hydrostatic pressure,
aligning with the findings shown within the present study (Angele et al., 2003, Henstock et
al., 2013). Results suggest that the media type drives the weight and size of the samples more
so than the hydrostatic pressure regimen, however within the osteogenic media group

(heaviest) the hydrostatic pressure begins to have an effect on the weight of the samples.

H&E staining intensity appeared consistent for the basic and chondrogenic media group but
much lighter in the osteogenic media group (little effect across pressure regimen within
media group), potentially due to a more sparse ECM owing to the significantly larger size of
the hydrogel. A similar staining profile for Alcian blue, used to highlight GAG content within
the ECM, was seen for the basic and osteogenic media groups suggested that hMSCs cultured
in basic media were not differentiating towards the chondrogenic lineage. The chondrogenic
media group appeared the have the most intense staining, particularly in the control and 300
kPa samples, this suggested that the media type was having a greater effect on the ECM

production than the hydrostatic pressure regimen.
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Alizarin red staining appeared to be highest in the 300 kPa osteogenic samples, aligning with
previous work by Stavenschi et al. (2018). Quantified Alizarin red staining showed that the
300 kPa osteogenic samples were significantly more stained than all other regimens within
the osteogenic media group. Staining in the chondrogenic and basic media groups appeared
similar and lower than the osteogenic media group, which could suggest that the basic media
alone is not enough to maintain differentiation as both Alcian Blue and Alizarin Red showed
little expression of cartilage or bone markers within the ECM. Interestingly the 300 kPa
chondrogenic samples appeared to show the highest level of Alizarin red staining. Previous
work by Saha et al. (2017) also showed the highest amount of staining in the highest pressure
group of cells cultured in chondrogenic media, suggesting that cells cultured under higher
pressure may be undergoing hypertrophy. Hypertrophy would indicate bone formation
beginning to occur within the microtissues as the MSCs have reached the end of the
chondrogenic lineage and begin calcifying the cartilage (Mackie et al., 2008). However the
alkaline phosphatase assay showed expression of ALP to be below the minimum detectable
threshold for the chondrogenic samples, although this does not rule out that the cells may
be undergoing hypertrophy in the higher pressure groups. The basic media group and
osteogenic media group both expressed detectable levels of ALP, with highest expression at
day 7 of hydrostatic pressure loading, aligning with previous work (Hess et al., 2010). The
application of hydrostatic pressure sees the expression of ALP in the basic and osteogenic
media groups to decrease after day 7, it therefore appears the highest level of osteogenic

differentiation occurred during the first seven days of hydrostatic pressure.

Little difference was seen across the hydrostatic pressure regimes within the same media
group for picrosirius red staining. The basic media group appeared to have the most
widespread collagen within the ECM whilst the osteogenic media group had the lowest,
further supporting the suggestion that the size of the osteogenic hydrogels resulted in a

more sparse ECM (as seen in the H&E images).

Typically the minor collagen genes are not investigated when studies look to use mechanical
stimulation to generate tissue engineered cartilage or bone. A range of major and minor
collagens found within the ECM of both/either cartilage and bone has been investigated in
the present study (I, I, V, VI, IX, X, XI, XXIV). Collagen | is the most abundant collagen in bone
and seen as a marker of disease and ageing in cartilage. The expression of type | collagen at
protein level was unexpectedly similar between the chondrogenic and the osteogenic media

groups (osteogenic media group was expected to be higher), the basic media group had the
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lowest expression of collagen al(l) with no significance seen in any group. However the gene
expression of COL1A1 was more regulated by the pressure applied. For the basic media group
the gene expression of COL1A1 increased with pressure, though not significantly. The control
and 300 kPa samples had the highest expression within both the chondrogenic and
osteogenic media group. Previous work sees hydrostatic pressure decreasing COL1A1 gene
expression in chondrogenic media samples (Ogawa et al., 2015) and an increase in COL1A1
in osteogenic media samples (Huang and Ogawa, 2012) disagreeing with the results in the
present study. As expected the trend in expression of pro-collagen al(l) and collagen al(l)

beta chain was similar to that of collagen al(l).

As collagen Il is the most abundant protein in cartilage it was expected to be highest in the
chondrogenic media group and this was the case for the gene expression (COL2A1). There
was no difference across the hydrostatic pressure regimens in any media group, therefore
the main driver for COL2A1 expression appears to be media type. Despite the osteogenic
media group having the second highest COL2A1 expression no protein was detected by
western blot for this media group. The basic media group had very similar expression of
collagen al(ll) to the chondrogenic media group with no difference between hydrostatic
pressure regimens. Previous work has shown that a mixed medium containing both
chondrogenic and osteogenic supplements sees significant increases in COL1A1 and COL2A1
with 1000 kPa hydrostatic pressure (Wagner et al., 2008), this does not directly align with
the present results and may suggest that a combination medium with higher levels of
hydrostatic pressure is more appropriate than the relatively low levels applied with isolated
medium types. It is also important to note that the Wagner et al. (2008) study used collagen
| hydrogels not fibrin which may have significant effects on the COL1A1 and COL2A1

expression.

No protein expression was detected for collagen V, VI or IX in any media group. The gene
expression for COL5A1 was highest in the basic media group with consistent increases with
hydrostatic pressure, with 100 kPa and 300 kPa being significantly higher than the control.
The lowest expression of COL5A1 was in the osteogenic media group, which was not
anticipated as collagen V is typically found in tissues with high levels of collagen | (bone) (Birk
et al., 1989). Collagen Xl has a similar function to that of type V and is found in tissue with a
high concentration of collagen Il (Kadler et al., 2008). This is not observed at the gene level
with the osteogenic media group having the highest expression (200 kPa osteogenic samples

being the highest overall significantly). The basic media group had the lowest expression of
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COL11A1. However at the protein level only the chondrogenic media group show any
detectable expression, with no difference between hydrostatic pressure regimens. This is
consistent across all protein expression for the different media groups (except collagen XXIV)
suggesting that the media group is having a more pronounced effect on the collagen
production that the hydrostatic pressure stimulation. COL6A1 and COL9A1 are typically
found in chondrogenic ECM’s however here the highest expression of COL6A1 was in the
osteogenic media group and the only detectable expression of COL9A1 in the osteogenic

media group.

COL10A1 had the highest expression in the chondrogenic media group with significance seen
in the 200 kPa and 300 kPa microtissues vs the control, this aligns with previous work by
Ogawa et al. (2009). As collagen X is a marker for endochondral ossification this supports the
hypothesis that the cells are beginning to undergo hypertrophy as seen in the histological
analysis. COL10A1 expression for the basic and osteogenic media groups is much lower than
the chondrogenic media group and sees no difference between hydrostatic pressure
regimens. A combination of hydrostatic pressure and shear forces has been suggested to
inhibit the production of COL10A1 in cartilage tissue engineering (Nazempour et al., 2017).
Therefore it may be important to combine multiple mechanical stimuli to engineer a more

‘healthy’ engineered chondrogenic structure and prevent hypertrophy.

COL24A1 is only detected in the basic media group despite being a marker for osteogenic
differentiation (Wada et al., 2006, Matsuo et al., 2008). At the protein level the osteogenic
media group has the highest expression, whilst the basic media group shows the lowest
protein expression, further suggesting that the absence of chemical stimuli is limiting the
differential potential of the hMSCs and preventing the cells for moving down a specific
lineage, instead, based on collagen production, they appear to be moving between multiple

lineages.

MCT has been previously been proposed as a technique for investigating tissue engineered
hydrogels (Dorsey et al., 2009), here Dorsey et al (2009) argue that whilst fluorescence
imaging offer high resolution, uCT allows non-invasive imaging of more opaque structures
and yields quantitative analysis. In the present study the representative images appear to
show differences between samples within media groups exposed to different hydrostatic
pressure regimens, for example there appears to be a low number of particles in the 300kPa
osteogenic microtissues compared to the control microtissues whilst in the basic media

group it appears to show the opposite. uCT analysis showed that the highly pressurised
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osteogenic samples (200 kPa and 300 kPa) had by far the lowest percentage mineralised
tissue of all groups. This was surprising when comparing to the alizarin red staining and assay.
However when investigating the density of what had been produced it was clear that the 200
kPa and 300 kPa samples from the osteogenic media group had produced the most dense
mineral (significant), agreeing with previous work (Henstock et al., 2013). This suggest that
the cells generated a more mature and developed mineralised component rather than a
random production seen in other groups. Further it shows that for the production of
appropriate mineral, the cells require the mechanical stimulation as well as the chemical
stimulation as the control and 100kPa samples from the osteogenic media groups show very
little difference in structure compared to samples in the basic and chondrogenic media

groups.

5.6.1. Conclusion

The combination of the different analysis techniques appears to show that the chemical
intervention is having the driving effect on the cell fate. The hydrostatic pressure regimen
appeared to have a greater effect on the expression of the different collagen genes than the
protein synthesis where the protein content was consistent across all hydrostatic pressure
regimens with the only differences being generated between the different media types. This
suggests that whilst the hydrostatic pressure is generating an intra-cellular response, the
subsequent synthesis is being dictated by the media supplements. However the production
of mineralised deposits within the osteogenic media group appears to be heavily influenced
by the application of hydrostatic pressure. The synthesis of collagen al(l) did not significantly
change across the osteogenic media group with pressure whilst the mineral density did,
suggesting that the mechanical stimulation influenced the mineralisation of the tissue,
potentially a response to stiffen the structure. Hydrostatic pressure acting without a
differentiation media did not appear to enable lineage commitment from the MSCs with the
microtissues displaying both chondrogenic and osteogenic responses without significant
commitment to either. The present work shows that these rates of hydrostatic pressure
alone are not enough to drive differentiation, a variation in media supplements or a change
to the rate or amount of hydrostatic pressure may be required to generate a greater level of
differentiation by the MSCs. Collagen synthesis was not an ideal tool for determining the
MSC differentiation with hydrostatic pressure but appeared more useable with the media
types, this suggests that to generate a detectable response the hydrostatic pressure regime

needs optimising, with higher loading potentially required for chondrogenic differentiation.
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Chapter 6

6.1. Introduction

During their time in space astronauts show a distinct loss of bone mineral density of up to
20% in the lumbar spine, pelvis and proximal femur (Grigoriev et al., 1998). It is apparent
that the lack of gravity has a significant effect on the astronauts cells leading to bone loss
and muscle wastage, with this response being traced back to the astronauts MSCs.
Microgravity reduces the mechanical load acting on cells, including those cultured in vitro,
and therefore presents an opportunity to investigate how cells respond to an absence of

mechanical loading, rather than applied, directional forces.

Research has shown that the reduction in loading caused by microgravity can supress the
osteogenic differentiation of MSCs, with one study indicating that this occurs through
inhibition of the mechanotransduction pathway, MAPK (Meyers et al., 2004). Phenotypic
analysis of cells shows that microgravity induces a rounded cell morphology with a
distinctively reorganised cytoskeleton compared to normal gravity in MCF-7 cells (breast
cancer cell line) (Li et al., 2009). Blaber et al. (2015) demonstrated that microgravity inhibits
murine embryonic stem cell differentiation and therefore that mechanical unloading results
in the preservation of stemness, suggesting that microgravity may be a useful culture

condition for sustained 3D culture of undifferentiated MSCs.

A number of studies have shown greater expression of tissue specific genes from stem cells
cultured under microgravity conditions compared to normal gravity culture. A consistent
example across the literature is the increased neural potential for MSCs cultured in
microgravity (Mitsuhara et al., 2013, Mattei et al., 2018, Otsuka et al., 2018), other have
shown increased proliferation potential whilst maintaining the undifferentiated state of
MSCs (Yuge et al., 2006, Yuge et al., 2011). The response of musculoskeletal tissue cells in
microgravity varies with osteogenic cells typically showing impaired differentiation (Nabavi
et al., 2011) and chondrogenic cells showing enhanced differentiation (Ulbrich et al., 2010).
It is apparent that microgravity has a significant effect of the fate of cells and may be a useful

tool in the long-term culture of MSCs for future therapies.

As it is not possible to remove or entirely shield the gravitational force on Earth, multiple
systems have been developed to apply microgravity to cell culture for ground-based
experimentation. The three main options for investigators are: “free fall”, counteracting

gravity or spatially distributing the gravity vector (Grimm et al., 2018).
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Rotating ‘free fall’ Bioreactors. The rotating cell culture system (RCCS) (Fig.6.1A) was
developed by NASA (Begley and Kleis, 2000) and enables cells to be cultured in free fall
through the use of a slow-turning lateral vessel (STLV) (Schwarz et al., 1992). For the present
study the free fall method has been utilised, this is achieved via a rotating vessel, specifically

the RCCS 4H bioreactor (Synthecon, Houston, USA).

Random positioning bioreactors. Random positioning machines work to make the average
gravitational vector equal to zero (Hoson et al., 1997). In these bioreactors the vertical
orientation at which cells grow is continuously changed so that the gravitational pull on the
sample Is distributed equally, spatially and temporally, therefore preventing the biological

system to adapt to a single gravitational vector (Grimm et al., 2018).

Levitation strategies. The earths gravitational field can be counteracted using buoyancy or
magnetic levitation. For this to be achieved for tissue engineering, the cells or biomaterial
scaffold requires modification to enable magnetic forces to act, preventing this being an
option for many studies. An example of this technique is the study by Hammer et al. (2009),
in which MC3T3-Els (an osteoblast cell line) were cultured on a specifically designed

microcarrier and then held within a magnetic field to counteracted the gravitational force.

Short term ‘true’ microgravity on Earth. Short term microgravity can also be achieved
through parabolic flight and drop towers. Parabolic flight can be used to stimulate space
flight by capturing the early effects of hyper/microgravity and is achieved through an
aeroplane performing repeat parabolas (Grosse et al., 2012). An alternative technique for
short term microgravity is the drop tower, where the experimental sample is placed within
specially designed vessels, the vessel is then moved to the top of the drop tower and
released, allowing it to fall a fixed distance, in the case of the ZARM drop tower this is 110 m

and takes 4.74 seconds (ESA, 2003), enabling very short experimental observations.

True microgravity. To provide long-term, true microgravity for extended and detailed
biological research necessitates use of orbital platforms, such as microsatellites or facilities
onboard the ISS. Several researchers have used the ISS for research, including a group at the
University of Liverpool who aim to reach the ISS by the end of 2021 and are developing
bioreactors for investigating links between muscle loss in astronauts and during ageing, with
an emphasis on investigating the failure of adaptive responses to exercise in both situations
(Jones et al., 2020). Several private companies now offer services to enable research groups

to move their scientific investigations to the ISS, and national Space Agencies provide specific
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funding for these activities. Consequently, research in true microgravity is a growing area
with significant interest from a variety of stakeholders (Alwood et al., 2017, Afshinnekoo et

al., 2020).

Previous work looking at MSCs cultured in microgravity has shown that the duration of the
microgravity culture can have a major effect on the differentiation properties of the MSC.
Xue et al. (2017) found that after 3 days of free fall simulated microgravity, rat MSCs showed
enhanced potential to differentiate into endothelial, neuronal and adipogenic cells, whilst 10
days of culture promoted osteogenic differentiation. Studies have also focused on attempts
to promote specific differentiation pathways in MSCs under microgravity culture. Mayer-
Wagner et al. (2014), found that both hypertrophy and chondrogenesis differentiation was
impaired for hMSCs cultured in microgravity, with downregulated COL10A1 and COL2A1 as
highlighted outcome measures. Therefore, whilst microgravity is not ideal for
chondrogenesis it may be a useful tool in inhibiting hypertrophy at later stages of cartilage

tissue engineering (Mayer-Wagner et al., 2014).

The application of microgravity has been shown to partially regulate the differentiation of
MSCs (Xue et al., 2017), work by Yuge et al. (2006) have gone on to shown that MSCs cultured
in microgravity preserve their stemness through strong proliferative characteristics typical
of stem cells and the ability to differentiate whilst their 1 g counterparts largely lost these
abilities. The inhibition of differentiation may be due to microgravity preserving the
undifferentiated state of the MSCs, and therefore enabling long term culture of the cells
before differentiation is required. MSC culture in vitro generally leads to either spontaneous
differentiation or eventual senescence (McCulloch et al., 1991, Digirolamo et al., 1999, Banfi
et al., 2000, Baksh et al., 2004), and so strategies that may preserve undifferentiated or
uncommitted MSC in vitro have multiple applications, particularly for the development of

cell therapies (Huang et al., 2020).

As reported in this chapter, the cells were cultured within a 3D fibrin hydrogel and
maintained the culture in microgravity for 3 weeks using a rotating ‘free fall’ bioreactor, the
RCCS 4H (Synthecon, Houston, USA) (Fig.6.1A). This bioreactor generates a
microenvironment where high mass transfer is achieved with low shear stress. True
microgravity would feature no downward gravitation force (Fig.6.1Bii) - this cannot be
achived on earth, therefore the sample will experience gravitational force (Fig.6.1Bi) but this
will mostly be offset by the centrifugal force and drag force generated by rotating the sample

within the vessle (Ronaldson and Vunjak-Novakovic, 2016). Through an inner co-rotating
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cylinder with a gas exchange membrane, the microgravity chamber can rotate at specified
rates, whilst supplying the culture with appropriate gas exchange. The control group were
replicate 3D cultures maintained in static culture within a 12 well plate. To account for the
fluid shear and increased nutrient diffusion generated by the rotating liquid (Khodabukus et
al., 2018), a third group was used, in which replicates cultured within a 12 well plate were
placed onto a plate rocker to provide increased nutrient perfusion and shear flow under a
constant gravity vector (Juhas and Bursac, 2014). Whilst the rocker plate may not generate
the same level of increased nutrient diffusion as the bioreactor, this condition went some
way to highlight the effects of nutrient diffusion provided by the bioreactor helping to
separate the role of microgravity. As in previous chapters, differentiation of the MSCs was
characterised via collagen production, specifically in this case by considering several
collagens that are characteristic of a broad range of musculoskeletal tissues (tendon, bone

and cartilage).

A

Microgravity
chamber

RCCS 4H

Tachometer

-

Power Supply
Figure 6.1. Free fall microgravity bioreactor setup. (A) Microgravity bioreactor RCCS 4H used
to culture hMSCs under microgravity conditions. (B) Diagram of samples in simulated
microgravity adapted from Ronaldson and Vunjak-Novakovic (2016). (C) Power supply

displaying set RPM ensuring constant free fall of samples.
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6.2. Hypothesis

The application of microgravity inhibits hMSC differentiation (preserves stemness) due to
the lack of an over-riding mechanical stimulus. The collagen isoforms synthesised by the

hMSCs during culture can be used to characterise the stemness of the cells.

6.3. Aims

1. Investigate the cell response to microgravity culture through the expression and

synthesis collagen and microtissue structural changes.

214



Chapter 6

6.4. Experimental Design

6.4.1. Microgravity Culture

The microtissues were generated as stated in section2.2.3.2, briefly 1.25x10° cells/ml were
seeded within fibrin hydrogels within the well of a 48 well plate and cultured with basic
media. The samples were scored from the edge of the well with a 10 pl pipette tip and
allowed to free swell for one week. After the one-week contraction period the microtissues
were moved to the three different culture chambers: microgravity bioreactor, static plate or
dynamic plate. To select which microtissues were moved into which condition, each was
given a number and a random number sequence was generated (RANDOM.org). The first 24
samples were placed under static condition, the second 24 under dynamic conditions and
the final 27 in microgravity culture. The rotation speed of the microgravity bioreactor was
defined as 35 rpm (Fig.6.1C) placing the samples in constant free fall and therefore under

microgravity conditions (Maguire and Novik, 2010). The generated samples were used as:

Assay Number of samples
=  Protein analysis (Western blotting) [six samples]
=  Gene expression analysis (QPCR) [six samples]
= 3D morphometry and densitometry (uCT) [six samples]
= Tissue microstructure (histology staining) [three samples]

The extra samples not accounted for in the analysis techniques provided replacements for
any failed samples. Due to an infection on one plate from the dynamic group no samples

were generated for histology and only five for uCT.

The final microtissues in the microgravity chambers were removed and placed into a 24 well
plate (i.e. one sample per well, three samples stored as reserves). For all culture conditions
each microtissue was given a number from 1-24 based on the position in the plate (A1 =1,
H8 = 24) and a random number sequence was generated (Random.org). The first six numbers
were used for protein analysis, the second six for gene analysis, the third six for uCT, the next

three for histology and the remaining three as reserves
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6.5. Results

6.5.1. Hydrogel Weight and Appearance

Representative images of the microtissues for each condition are shown In Fig.6.2A. These
images were taken at the end of the experimental regime and appear to show differences in
the size of the samples between the conditions. Dynamic stimulation generated the smallest
microtissues whilst the microgravity and static culture were both similar in size, which was
confirmed by analysis of the wet weight of the microtissues (Fig.6.2B). The microgravity
samples were found to have a heaviest mass, with the dynamic group the lowest. The static

group was not significantly different to either.

Microgravity

Weight (mg)

Figure 6.2. Size and weight of microgravity microtissues. (A) Representative images of the
microtissues culture in normal gravity (static and dynamic) and microgravity conditions. (B)
Weight of microtissues following one week contraction phase and three week microgravity
or normal gravity phase. Error bars represent standard deviation. n=23 repeats. Statistical
significance measured with one-way ANOVA with Tukey’s post hoc test and multiple

comparisons (*** indicates p<0.001).
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6.5.2. Histology

Due to a cell culture infection in the dynamic stimulation group not enough microtissues
were produced for histological analysis, here only static and microgravity are compared.
Representative images of H&E staining (Fig.6.3) appear to show similar structures for both

the static and microgravity groups.

Alcian blue staining (Fig.6.3) appeared to show increased GAG content in the core of the of
the static group compared to the very low levels of staining in the microgravity group. Alizarin
red staining highlighted one calcified nodule in the ECM (indicated with black arrow) of the
static group, no nodule staining was seen in the microgravity group, whilst nodules were not
widespread they may suggested increased osteogenic differentiation. Collagen was stained
with Picrosirius Red and imaged using polarised light. Both groups have some birefringent
(organised) collagen, however more collagen appeared to be throughout the structure in the
microgravity image, whilst the collagen distribution appears mostly on the microtissue’s
edge in the static group. The picrosirius red images required a large amount of enhancement
to highlight any illuminated collagen, the original un-enhanced images are included to

highlight the difference.

Alcian blue Alizarin red Picrosirius

Figure 6.3. Histological sections of microtissues following 21-day microgravity and static

culture. Representative images are shown for haematoxylin and eosin staining to show cell
bodies and nuclei microscopy, Alcian blue staining highlighting GAGs within the ECM, Alizarin
red staining for calcification and Picrosirius Red staining to show collagen deposition under
polarised light. Picrosirius red staining is shown as both enhanced and original images. n=3

repeats, one representative sample shown. Scale bars represent 500 um.
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6.5.3. Alkaline Phosphatase Assay

ALP content in the culture medium was measured at the end of each 7-day timepoint using
4-methylumbelliferyl phosphate fluorescent substrate assay (Fig.6.4). The static and dynamic
cultures followed the same pattern of activity over the three-week culture period with no
significant difference seen between these two groups. In contrast, ALP activity in the
microgravity group was significantly lower than both the static and dynamic cultures from
day 7 onwards (p<0.001). ALP activity did increase in the microgravity group with time (day
21 having a significantly higher concentration than day 7; p<0.001), but at a slower rate to

both static and dynamic cultured microtissues.

50
@ Static
40— ey —#- Dynamic
—4— Microgravit
30 g y

*k%k

20

10+

Alkaline Phosphotase (ng/ml)

o

| |
0 7 14 21

Day

Figure 6.4. ALP activity in the media of static, dynamic and microgravity cultured
microtissues. Absorbance measured at seven-day time points beginning at the end of the
first week of culture and ending at the end of the experimental run. Error bars represent
standard deviation. n=18 repeats for day 0 and n=9 for all later timepoints. Statistical
significance measured using two-way ANOVA with Tukey’s post hoc test and multiple

comparisons (*** indicates p<0.001).
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6.5.4. Microgravity Collagen Gene Response

The expression of a repertoire of collagen genes found across different musculoskeletal
tissues (cartilage, bone and tendon) was investigated to determine the level of
differentiation and identify any lineage commitment of the hMSCs (Fig.6.5). Only COL6A1
showed a significant differences with the static group being greater than the dynamic group.
All other genes showed no significance at the experimental end-point between any of the

groups, indicating a weak responses to the stimuli.

The ratio of COL14A1 to COL12A1 was found to be significantly higher for the microgravity

group versus the static group showing a 9 fold increase (Fig.6.6).

The PCA showed evidence that the static culture grouped separately from the dynamic and
microgravity culture (Fig.6.7A). The biplot (Fig.6.7B) highlights COL2A1, COL5A1, COL6A1,

COL10A1 and COL12A1 as the variables that contributed the most to the separation.
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Figure 6.5. Collagen gene expression for microgravity microtissues. Error bars represent standard deviation of the mean. n<6 repeats. Statistical significance

measured using one-way ANOVA with Tukey’s post hoc test and multiple comparisons (* indicates p<0.05).
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Figure 6.6. Ratio of COL14A1 to COL12A1 to investigate the maturation of the microtissues
in different culture conditions. Error bars represent standard deviation of the mean. n=4
repeats. Statistical significance measured using one-way ANOVA with Tukey’s post hoc test

and multiple comparisons (* indicates p<0.05).
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Figure 6.7. PCA of microgravity collagen gene expression. (A) PCA scores of all samples. Each

point represents a sample with the colour designating the culture group (static-orange,
dynamic-green and microgravity-grey). (B) Biplot of the PCA showing the variables that
contribute to the most separation between the culture groups are COL2A1, COL5A1, COL6A1,
COL10A1 and COL12A1.
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6.5.5. Collagen Composition in Response to Microgravity

All collagen genes were measured at the protein level via western blot. The proteins
synthesised due to the expression of COL2A1, COL5A1, COL6A1, COL10A1, COL11A1,
COL12A1 and COL14A1, were not detected (Fig.6.8). This may be due to the concentration
of these minor collagens being below the detectable threshold rather than being completely

absent from the ECM.

The expression of collagen al(lll) was significantly highest in the microgravity group
compared to both the control groups (dynamic having the lowest) (Fig.6.8). Both forms of
collagen | and collagen XXIV did not significantly change between culture conditions, with

the microgravity group being lower than the static control in all cases (Fig.6.8).
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Figure 6.8. Densitometry of collagen extracted from microgravity microtissues.
Representative images of western blots show below graph. Values shown are normalised to
total protein. n=3 repeats. Error bars represent standard deviation of the mean. Statistical
significance measured using one-way ANOVA with Tukey’s post hoc test and multiple

comparison (** indicates p<0.05).
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6.5.6. Micro-Computed Tomography

Representative WCT images of the three culture conditions is shown in Fig.6.9A. The total
volume of the microtissue is shown in the left column, the mineralised deposits are shown
in the middle column and the mineralised deposits superimposed onto the total volume in
the right column. No noticeable difference was seen between any condition with each group
appearing to shown a similar percentage of mineralised deposits. This is reflected in Fig.6.9B,
the percentage mineralised volume. Fig.6.9C shows the difference in densities between the
three culture groups. The static group was found to have a significantly higher density
(0.082g/cm?) than the dynamic group (0.077g/cm?, p<0.05) but not the microgravity groups
(0.078g/cm?).
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Figure 6.9. UCT analysis of microgravity microtissues. (A) Representative images for uCT of
static, dynamic and microgravity cultured hMSC seeded fibrin constructs highlighting total
volume, mineralised particles and combination. (B) percentage mineralised volume and (C)
mineral density for static, dynamic and microgravity cultured hMSC seeded fibrin constructs.
n<6 repeats. Error bars represent standard deviation of the mean. Statistical significance
measured using one-way ANOVA with Tukey’s post hoc test and multiple comparisons (*

indicates p<0.05).
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6.6. Discussion

Microgravity has the potential to be used as a tool to maintain and enhance the stem like
properties of MSCs (Yuge et al., 2006, Lei et al., 2018). Collagen is typically used as a marker
for cell differentiation, for example collagen type | is used as a tendon (Zhang et al., 2005)
and bone marker (Cassella and Ali, 1992) whilst collagen type Il is used for cartilage (Wardale
and Duance, 1994). In the present study hMSCs were encapsulated in fibrin hydrogels and
exposed to normal gravity (1 g) in either static or dynamic culture or microgravity (1x10°g)
for three weeks. The dynamic culture was use to introduce a normal gravity condition with
increased nutrient diffusion making it was possible to assess whether microgravity was the
driving stimuli for differentiation relative to the effects of increased nutrient diffusion seen

with the bioreactor used (Khodabukus et al., 2018).

The size and weight of the microtissues was significantly increased for the samples cultured
under microgravity compared to both normal gravity controls, suggesting that microgravity
maintains a larger sized tissue engineered construct compared to normal gravity. This is
supported by previous observations, here the study suggests that this increased size would

be more suitable for a tissue engineered plug in a cell therapy application. (Sakai et al., 2009).

Sakai et al. (2009) cultured hMSCs in chondrogenic differentiation media and went on to find
that the microgravity samples increased the expression of chondrogenic markers (GAGs and
collagen Il), indicating that microgravity was upregulating chondrogenic differentiation. The
microgravity group in the present study did not show a strong affinity towards the
chondrogenic lineage, it appeared that only small areas of intense Alcian blue staining
occurred within the ECM. There looked to be equally low Alizarin red staining and low
absorbance was detected in the media for ALP indicating low levels of osteogenic
differentiation. Bradamante et al. (2018) found that microgravity had little effect on
osteogenic differentiation. Similarly to Sakai et al. (2009), Bradamante et al. (2018) used
specific differentiation media for culture (osteogenic in this case), whilst in the present study
the microtissues were cultured in basic medium, which was chosen to show how the cells
responded to microgravity solely. If spontaneous differentiation were to occur due to the
culture medium it was hypothesised that it would be towards the osteogenic lineage as the

basic medium more closely aligns to osteogenic differentiation medium than chondrogenic.

Only a small number of collagens are synthesised within the bone marrow niche; collagen

type |1, Ill, IV, V and VI along with a high percentage of proteoglycans, fibronectin and
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laminins, among others (Gordon, 1988, Hamilton and Campbell, 1991). This goes some way
to explain the low detection of collagen when only using basic media. Previous work looking
at specific tissue types has seen a variation in the collagens synthesised. Cartilage tissue
engineering typically sees beneficial responses with microgravity compared to normal gravity
with an increased ratio of collagen Il to collagen | (Ohyabu et al., 2009), and the
downregulation of collagen X (Mayer-Wagner et al., 2014), a marker for hypertrophy that is
often seen with cartilage tissue engineering (Jahangir et al., 2020). MSCs cultured in true
microgravity (space) saw trans-differentiation from the osteogenic lineage towards the
adipogenic lineage even with osteogenic medium (Zhang et al., 2018). It is apparent that the
differential potential of MSCs in microgravity differs to MSCs in normal gravity, however the
presence of differential medium appears to be required to show the true effects of

microgravity.

6.6.1. Microgravity Culture Differentiation

The strongest expression of collagen genes within the microgravity culture group were for
COL1A1, COL3A1, COL11A1, COL12A1, COL14A1 and COL24A1 (>0.001 relative to GAPDH),
all collagen types that are found in tendon and bone ECM (Riley et al., 1994, Tzaphlidou,
2005). COL2A1, COL5A1, COL6A1 and COL10A1 (<0.001 relative to GAPDH) all had the lowest
expression and are types typically found in the cartilage ECM (Luo et al., 2017). The gene
profile therefore points towards the microgravity group moving along the
osteogenic/tenogenic lineage rather than the chondrogenic. Further no collagen Il was
detected by western blot whilst the bone/tendon markers collagen | and Ill were, as was the
bone marker, collagen XXIV. The molecular data therefore points towards the promotion of

an osteo/tenogenic differentiation of the MSCs when culture under microgravity.

Functional outcomes were measured to clarify the differential lineage of the MSCs. ECM
mineralisation was characterised by UCT, and analysis found that the microgravity group had
the lowest mineralised volume and density. Despite the gene and protein profiles, the
microgravity group was not distinctively maturing along a strongly osteogenic lineage,
supporting similar observations from Alizarin Red staining of the microtissues and reduced
ALP activity. MSCs cultured in growth medium without intervention will often differentiate
towards the osteogenic lineages, however when cultured in microgravity the spontaneous
differentiation appears to be inhibited, therefore maintaining the stemness of these cells.

Wall et al. (2007) showed that irrespective of media type hMSCs will eventually differentiate
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towards the osteogenic lineage, suggesting that these cells are pre-disposed towards the

osteogenic lineage and require significant intervention to inhibit this differentiation.

During early development of a native tissue’s ECM the cells will secrete collagen XIV as a
major FACIT collagen, then as the ECM continues to develop and mature the synthesis of
collagen XIV reduces and is replaced by collagen Xll (Ansorge et al., 2009), highlighting
collagen Xll and XIV’s use as a measure of tissue maturity and development. Interestingly the
ratio of COL14A1:COL12A1 gene expression was highest in the microgravity group indicating
the delayed development of the tissue, demonstrating the inhibitory effect microgravity has
on maturation and therefore spontaneous differentiation of the hMSCs. The work by Wall et
al. (2007) found that later passages of hMSCs cultured within adipogenic media underwent
spontaneous osteogenic differentiation, indicating that the more mature the cell the more
likely it is to undergo the spontaneous differentiation. By delaying the maturation of the

MSCs, the stemness of the cells will also be preserved.

ALP activity in the media indicated greater osteogenic differentiation in the static group
compared to the microgravity group. Despite the absence of osteogenic differentiation
supplements the cells appear to be undergoing spontaneous osteogenic differentiation,

however the application microgravity is acting as an inhibitor.

6.6.2. Static Culture Differentiation

The gene profile for the static culture was similar to that of the microgravity group. The
osteogenic/tenogenic collagen types had a higher expression (>0.001 relative to GAPDH)
than the chondrogenic collagens. Protein expression of collagen Il was not detected in the
static group, whilst collagen [, Ill and XXIV were, implying that the cells were not
spontaneously differentiating towards the chondrogenic group but more likely towards the

osteogenic or tenogenic lineages.

The static group was found to have the lowest expression of the gene COL3A1 and the lowest
expression of collagen al(lll) whilst microgravity had the highest expression for both the
gene and protein (significantly). Fibrin is the biomaterial cells secreted at the site of a wound,
initially the cells will then generate a unorganised matrix of collagen Ill before replacing it
with organised collagen | and completing the healing process (maturation and development)
(Clore et al., 1979). Is postulated that if the fibrin hydrogel is being matured by the cells as
fibrin would be at a wound site it would suggest that a lower expression of collagen Ill and

higher expression of collagen | would indicate a more mature structure, as seen with the
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static versus the microgravity group. Inhibited wound healing with microgravity has
previously been seen in rats, therefore suggesting the delayed maturation of the wound due

to microgravity (Davidson et al., 1999).

MCT analysis showed that the cells may have differentiated towards the osteogenic lineage
in static culture as whilst the percentage of mineralised particles is similar to that of the
microgravity culture, the density of the particles is highest in the static group, demonstrating

a more advanced osteogenic ECM with dense hydroxyapatite regions.

6.6.3. Dynamic Culture Differentiation

The dynamic group expressed near identical ALP production within the media to the static
group. The gene analysis showed a profile in between the static and microgravity groups with
only COL2A1, COL6A1 and COL11A1 not lying between the other conditions. This would
suggest that whilst gravity is having an effect which the microgravity bioreactor is somewhat
removing there is an influence from the increased nutrient diffusion resulting in the dynamic
group neither identically reflecting the static nor microgravity group. Again the
osteogenic/tenogenic collagens have a higher expression than the chondrogenic genes,
further indicating that within the basic media the cells are more likely to undergo
spontaneous osteogenic/tenogenic differentiation. The PCA analysis of the collagen genes
aligns the dynamic culture group more closely with the microgravity group, with COL2A1
having the largest contribution to the position of the dynamic and microgravity groups whilst
COL10A1 (among others) has one of the largest effect of the static group. COL10A1 is seen
as a transition marker during the endochondral ossification of cartilage to bone (Shen, 2005),
suggesting that the static samples are more aligned to an osteogenic differentiation that the

dynamic and microgravity cultures.

Protein analysis aligns the dynamic culture with the microgravity microtissues for collagen |
and the static for collagen Ill and XXIV. Maturation of the dynamic microtissues appears to
lie between the two cultures with the middle ratio of COL14A1to COL12A1 and the lowest
expression of collagen al(l) and al(lll). Increased nutrient diffusion appears to inhibit the
maturation of the cells seen with static culture, the absence of gravity further exaggerates
the inhibitory effect. Further the PCA biplot shows that COL12A1 strongly contributes to the
separation of the static group from the dynamic and microgravity group, suggesting that

increased nutrient diffusion is a major contributor to the delayed maturation of the MSCs
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By observing both the microgravity and dynamic microtissues particle densities together
(both similar and lower than static) it appears that the increased nutrient diffusion does work
to inhibit spontaneous osteogenesis. Majd et al. (2009) showed that a form of dynamic
culture maintained stem cell phenotypes and differential capacity, Frith et al. (2010) found
that dynamic 3D culture in spinner flasks maintain the MSC phenotype compared to MSCs
cultured in 2D monolayer, both these studies support the observation of inhibited
spontaneous osteogenic differentiation with the increased nutrient diffusion (dynamic
cultures). The results of the dynamic culture highlight a major issue with the RCCS 4H
bioreactor, and other free-fall systems, in that a static control group in well plates will be
affected by not only normal gravity but also reduced nutrient diffusion, therefore not acting
as a true control. Future studies with this system should continue to utilise dynamic and

static controls for true comparison.

6.6.4. Conclusion

Through comparison of the three culture types it appears that each are differentiating
towards the osteogenic lineage as expected due to the spontaneous differentiation of hMSCs
in long term culture. PCA analysis appeared to show the presence of increased nutrient
diffusion separating both the dynamic and microgravity groups form the static group with a
more exaggerated separation seen in the microgravity group. This suggests that dynamic
culture is having an initial effect on the MSCs which microgravity is amplifying. It was
hypothesised that microgravity would help maintain the MSCs is a more naive state,
inhibiting tissue specific collagen production and therefore ECM maturation. Microgravity
had the greatest inhibitory effect as seen by the highest ratio of COL14A1 to COL12A1, whilst
the static culture has the lowest, indicating the most mature ECM, the dynamic culture was
found in between the two and significantly different to neither. COL12A1 was one of the
main contributors In the separation of the static culture from the dynamic and microgravity,
further indicating the maturation of the static ECM indicating the inhibitory effects of
nutrient diffusion. The present study suggest microgravity may be an solution to prolonged
growth of MSCs whilst maintaining the stemness of the cells, this would be a valuable
solution to the bulk up of MSCs for autologous cell therapies. The present study suggests
MSCs are in a less developed state after microgravity culture and the stemness is maintained,
future work should look to investigate this by investigating the expansion and differential

potential of MSCs following culture in microgravity.
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The overall aim of this thesis was to apply mechanical stimulation to hMSCs encased within
3D biomimetic constructs and monitor the collagen output from the cells. The collagen
output was then used to investigate the differentiation of the MSCs and the ‘quality’ of the
tissue engineering structure generated. Within healthy musculoskeletal tissues a specific
composition of collagen isoforms are synthesised and form part of the ECM. Each of the
collagens occur in different concentrations with the major fibril forming collagens typically
accounting for the highest percentage of the dry protein weight. The minor collagen types,
such as FACIT, MACIT and multiplexins are present along with proteoglycans and growth
factors among other ECM components but at a smaller concentration. The composition,
orientation and ratios of the different collagen types offer the tissue specific properties
required to appropriately complete its routine task, such as force transduction between
muscle and bone for tendons. Many tissue engineering studies do not investigate these
minor collagens, generating an incomplete understanding of the tissue being generated. By
investigating the complete collagen composition, a better understanding of how the cells are

responding to the stimulus can be achieved enabling optimised tissue engineering.

Three different forms of mechanical stimulation have been used throughout this study, cyclic
tensile strain, hydrostatic pressure and microgravity, with all three being applied to hMSCs
encased in fibrin hydrogels. Whilst the fibrin hydrogel was constant throughout the study
the initial formation and culture environment differed based on the mechanical loading.
Identical fibrin hydrogels (microtissues) were used for both microgravity and hydrostatic
pressure, here the fibrin was generated within the well of a 48 well plate. For tensile
stimulation a purpose built 3D printed frame was designed with posts at either end. The
fibrin was generated within the frame and around the posts forcing the fibrin into a rod like

structure similar to that of a tendon and allowing uniaxial cyclic strain to be applied.

One of the main limitations seen in many studies when investigating the role of mechanical
stimulation on cell differentiation and ECM production is the use of differentiation media,
which, as seen with the hydrostatic pressure study, can have an overriding effect on the
response of the cells subjected to the mechanical stimulation. Basic hMSCs proliferation
media was used in all studies to show the sole effect of the mechanical stimulation on the
cells collagen synthesis rather than the supplement driven production. However, it should
be noted that the components of the basic media (DMEM, FBS, non-essential amino acids
and ascorbic acid) more closely align with media used for osteogenic differentiation (missing

dexamethasone and B-glycerophosphate), whilst culture media used for tenogenic and
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chondrogenic differentiation typically remove FBS as a supplement and instead use a
different combination of growth factors. It was therefore more likely that the hMSCs would
spontaneously differentiate towards the osteogenic lineage due to the combination of media
and the predisposition of bone marrow derived MSCs (Wall et al., 2007). Spontaneous
differentiation appeared to be seen in all three studies when using the basic media and not
subjecting the samples to any stimulation (the control groups), small amounts of osteogenic
differentiation was present in the ECM through the formation of calcium hydroxyapatite
nodules (Alizarin Red assay). This phenomenon has been previously reported by Zhang et al.
(2016), here MSCs were seeded onto electrospun nanofibers and were cultured without
osteogenic differentiation media, following 14 days of culture the cells showed increased

expression of osteogenic markers Col1A1, OCN, ALP and Runx2.

The spontaneous differentiation of the cells may have been further driven by the non-sorted
population used. The cells went through MSC verification by flow cytometry and the tri-
lineage differentiation assay, demonstrating that this population could achieve adipogenic,
chondrogenic and osteogenic differentiation. Flow cytometry showed that at the first
passage the appropriate percentage of cells in the population (>95%) possessed the correct
positive markers (CD73, CD90 and CD105) though the population exceeded the negative
marker percentage by 0.83%. It is possible that a mixed cell population was used in this study
and it contained cells that had already begun to differentiate down lineages, and may have

then driven the spontaneous differentiation of other cells.

The expression of different collagens varied across the different mechanical stimulations,
and appeared to show some regulatory effects for the varying stimuli. Without cyclic strain
the tensile control group had the highest expression of collagen al(ll) as has been seen by
previous studies (Maeda et al., 2010, Udeze et al., 2019). As collagen Il is typically seen as a
negative marker in tendon tissue engineering it demonstrates the beneficial properties of
appropriate mechanical stimulation. However within the hydrostatic pressure study it
appears that the media supplements had an overriding effect on the collagen synthesis with
no significant differences seen between the different loading regimens for either the
osteogenic of chondrogenic media groups. The COL10A1 expression was highest in the 200
kPa and 300 kPa samples from the chondrogenic media groups suggesting that hydrostatic
pressure induces hypertrophy. Studies have shown that microgravity inhibits hypertrophy in
cartilage tissue engineering (Mayer-Wagner et al., 2014), however whilst COL10A1 was

found to have the lowest expression in the microgravity group it was not significantly lower
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than the microgravity controls. A combination of hydrostatic pressure and microgravity may

be beneficial for cartilage tissue engineering.

Gene expression is commonly used to investigate collagen synthesis in response to
experimental intervention. This is typically due to the difficulty found when extracting
collagen from tissue engineered tissues, due in part to the enzymatic digestion required but
also because of the low abundance of the minor collagen. This was observed in all three
studies with some collagens detected at the gene level not detected by western blot.
However what was clear from the collagens that were detected by both qPCR and western
blot was the low alighment between the two. The protein expression is a far greater way to
judge the present ECM in the tissue engineered structure, it is therefore imperative to
investigate the collagens at the protein level as well as gene level were possible to get a true

representation of the cells response.

Changes between the loading and culture regimens was more apparent for the structural
analysis than the molecular analysis, this indicated that whilst the collagen synthesis may not
have been dramatically influenced by the stimulation applied, the way the collagens were
embedding within the ECM was largely driven by these forces. In the tensile stimulation
study the highest strain rate resulted in the largest diameter fibrils and the most aligned
structure, whilst in the hydrostatic pressure study the highest pressures coupled with
osteogenic medium resulted in the most dense mineral deposits indicating a more developed
structure. The microgravity culture group had a lower mineralised density than the static
group but this was also observed in the dynamic group suggesting here that the increased
nutrient diffusion resulted in decreased osteogenic differentiation and therefore decreased

mineralisation rather than the microgravity.

Through analysis of the ratio of COL14A1 to COL12A1 it was established that the microgravity
group had the least developed ECM due to the highest ratio. This was established through
the roles collagen Xl and XIV play during development. Collagen XIV, a FACIT collagen
typically found in embryonic tissue is replaced by collagen Xll as the tissue matures (Ansorge
et al., 2009). These collagens were not investigated for hydrostatic pressure but in tensile
stimulation an interesting trend occurred. At the gene level it appeared that the increase in
cyclic stimulation resulted in a more immature construct with the 10% strain group having
the highest expression of COL14A1 and lowest expression of COL12A1. This did not align with
the more developed structural observations seen for the 10% strain group (diameter and

alignment) but did support the mechanical properties seen.
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7.1. Conclusion and Future Work

Mechanical stimulation is consistently used to drivethe development of tissue engineered
structures towards their native counterparts. From the present studies it is apparent that the
type and variation of mechanical stimulation applied will have differing effects on the cells
cultured within. For example microgravity appears to inhibit ECM development, as
hypothesised in this study indicating longer preservation of the MSCs and delayed
differentiation. Mapping the differentiation through the collagen profile is possible but does
not appear to be as straight forward as initially anticipated.. If more studies investigate the
complete composition of collagen a greater understating of how and why the collagens are
synthesised in tissue engineered constructs will be developed. The profile of collagen is not
a one dimensional measurement but appears to be dynamic and to vary with time and
loading. Whilst the collagen profiles can be used to indicate the differentiation route taken

by the cells it may be better used to indicate the developmental stage of the tissue.

From the work presented it appears that the mechanical stimulation applied has a greater
effect on the structural development of the collagen, with high levels of tensile strain
resulting in thicker and more aligned collagen fibrils. The lack of mechanical loading,
microgravity, appeared to reduce the ECM, resulting in a less developed tissue than that
cultured under normal gravity. The presence of differential medias in the hydrostatic
pressure study appeared to override the role of mechanical stimulation, resulting in
consistent collagen production regardless of the pressure applied. However, the mineralised
deposits that formed in the osteogenic group did appear to be driven by the hydrostatic
pressure regimen. It therefore appears that differentiation medias will drive the production
of specific collagens but without mechanical stimulation these collagens will not be

incorporated into the ECM in an appropriate way.

Future work with these studies should include more time point analysis. It is apparent that
the collagen profile is continually changing but how this change progressed over time was
not discovered. A larger protein and gene profile shown through proteomic analysis and RNA
sequencing may indicate further collagens and other cellular and ECM components,
therefore identifying ECM development missed during the present study. Combining these
advanced analytical techniques with multiple time points may more clearly identify how the

collagen profiles are changing with time.
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8.1.

Appendix A — Histology reagent recipes

Solutions for stains were generated using the following recipes:

Alcian blue solution:

e 1 g Alcian Blue 8GX

e 3% Acetic acid solution
o 3 ml Glacial acetic acid
o 97 ml distilled water

e Mix well and adjust pH to 2.5 with acetic acid

Alizarin red solution:

e 2gAlizarinRed S
e 100 ml Distilled water

e Mix well and adjust pH to 4.1-4.3 with 10% ammonium hydroxide.

Mayer’s Haematoxylin:

Eosin:

e 50 g Aluminium ammonium sulphate

e 5gHaematoxylin

e 10 ml Ethanol

e 1gSodium iodate

e 20 ml Glacial acetic acid

e 300 ml Glycerol

e 700 ml Distilled water

e Dissolve the aluminium ammonium sulphate in 250 ml of distilled water on
a heated stirrer, add remaining distilled water and leave to cool. Dissolve the
haematoxylin in the ethanol and add solution to dissolved aluminium

ammonium sulphate. Add the remaining components. Mix well.

100 ml 1% Eosin Y

o 1gkEosinY

o 100 ml Distilled water
10 ml 1% Aqueous phloxine

o 1gPhloxine B
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o 100 ml Distilled water
e 775 ml 95% Ethanol

e 4 ml Glacial acetic acid
0.3% Acid Alcohol:

e 700 ml Ethanol
e 300 ml Distilled water

e 3 ml Hydrochloric acid
Weigert’s Haematoxylin:

e Stock solution A
o 1 gHaematoxylin
o 95% Ethanol
e Stock solution B
o 4 mlof 29% Ferric chloride
= 2.9g Ferric chloride
= 10 ml Distilled water
o 95 ml distilled water
o 1 mlHydrochloric acid

e Mix equal parts stock solution A and B.
Picrosirius red:

e 0.5gDirect Red 80

e 500 ml of 1.3% Picric acid solution
Acidified water:

e 5 ml Glacial acetic acid

e 1L distilled water
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8.2. Appendix B — Designed Primer Parameters

Table 8.1. Table of primers used and their parameters.

Gene Sequence CG% Melt Temp (°C) Nucleotides
COL1A1
(FWD) CGGCTCCTGCTCCTCTTAG 63 60.2 141-159 of 6728
COL1A1
(RVS) CACACGTCTCGGTCATGGTA 55 60.6 258-277 of 6728
COL2A1
(FWD) CCAGATTGAGAGCATCCGC 58 61.9 3585-3603 of 4257
COL2A1
(RVS) CCAGTAGTCTCCACTCTTCCAC 55 57.9 3669-3690 of 4257
COL3A1
(FWD) GGGTGAGAAAGGTGAAGGAG 55 58.7 2049-2068 of 3234
COL3A1
(RVS) CATTACTACCAGGAGGACCAG 52 56.3 2201-2221 of 3234
COL10A1
(FWD) GCAACTAAGGGCCTCAATGG 55 61.9 1537-1556 of 3306
COL10A1
(RVS) CTCAGGCATGACTGCTTGAC 55 59.6 1646-1665 of 3306
COL11A1
(FWD) AATGGAGCTGATGGACCACA 50 61.5 3858-3877 of 6158
COL11A1
(RVS) TCCTTTGGGACCGCCTAC 61 61 3972-3989 of 6158
COL12A1
(FWD) TTTAGTTAGCACAGCGGGCA 50 61.8 2538-2557 of 3135
COL12A1
(RVS) CGCTCGAAATACACAGCAGC 55 62 2605-2624 of 3135
GAPDH
(FWD) ATGGGGAAGGTGAAGGTCG 58 62.2 317-335 of 3855
GAPDH
(RVS) TAAAAGCAGCCCTGGTGACC 55 62.4 1999-2018 of 3855
YWHAZ 29113-29132 of
CCGTTACTTGGCTGAGGTTG 55 60.7
(FWD) 37546
YWHAZ 29776-29796 of
TGCTTGTTGTGACTGATCGAC 48 59.9
(RVS) 37546
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8.3. Appendix C — Analysis of Primer Efficiencies and

Melt Peaks

Primer efficiency was tested on hMSCs before use in experiments. cDNA was serially diluted
between 0.3125 and 5 ng. The Ct values were plotted against the log value for the sample
concentration and the efficiency curve calculated. Fig.8.1B shows the representative
efficiency curve for COL12A1 which generated a efficiency of 97.04%. Fig.8.1C shows the

melt peak for COL12A1 with one distinct amplification peak.
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A
Template Concentration (ng) | Log(ng) | Ct.1 Cct.2 Ct.3 | Average Ct
5 0.7 19.71 19.56 20.42 19.89667
2.5 04 20.77 20.82 20.48 20.69
1.25 0.1 21.79 21.06 23.01 2195333
0.625 -0.2 23.6 25.77 23.47 2428
0.3125 -0.51 27.99 22.93 - 25.46
Dilution Factor 2
Slope -3.39501
Efficiency (%) 97.04
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Figure 8.1. Example of primer efficiency calculation,(A) table shows extracted data for hMSC

RNA and subsequent calculations, (B) graph shows scatter plot of the average Ct values vs
the log concentration of the template to determine the linear equation. Efficiency for
COL12A1 found to be 97.04%. (C) melt curve generated to show amplification of single PCR

product.
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8.4. Appendix D — Determination of House Keeper

Genes

House keeper genes were determined using the GeNorm algorithm (Vandesompele et al.,
2002) for each experiment (tensile, hydrostatic and microgravity), utilising optimisation
samples from each condition. A range of stable hMSC genes were trialled including GAPDH,
GUSB, HPRT1, TBP and YWHAZ. The GeNorm results for the tensile condition is shown in
Fig.8.2 with GAPDH and YWHAZ found to be the most stable, YWHAZ was taken forward.

1.7 ~
1.6 -
1.5 ~
1.4 +
1.3 -

1.2

Average expression stability M

GAPDH HPRT1 GUSB
YWHAZ
<:::i: Least stable genes Most stable genes ::::>

Figure 8.2. Graphical representation of GeNorm calculation highlighting he most stable
hMSC housekeeper genes for tensile stimulation
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8.5. Appendix E — CNA35 reagent recipes

100 ml Binding buffer — 50 mM NaH;Po,

300 mM NaCl

10 mM imidazole

35 ml wash buffer — 50 mM NaH,PO,

300 mM NaCl

20 mM imidazole

35 ml elution buffer— 50 mM NaH,P0O4

300 mM NaCl

250 mM imidazole
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8.6. Appendix F — CNA35 image acquisition

© Acquisition Information

Acquisition Start
Microscope
Objective

Reflector
Contrast Method
Pinhole

Laser Wavelength

Laser Blanking
Scan Mode
Scan Zoom
Rotation

Pixel Time
Line Time
Frame Time
Scan Direction
Line Step
Averaging

Channel Name

Channel Description

Dye Name

Channel Color

18/12/2019 12:48:27
Axio Imager.Z2
EC Plan-Neofluar 10x/0.30 M27

Track 1
none
Fluorescence
0.89 AU /28 pm

488 nm: 0.4 %
640 nm: 0.

Enabled
Frame
1.0
0°
1.03 ps
4.95 ms
253s

Unidirectional

Channel 1 Channel 2

AF438-T1 AF647-T1

Track 2

none
Fluorescence
0.99 AU /28 pm
405 nm: 1.60 %

Enabled
Frame
1.0

0°

1.03 ps
4,95 ms
2.53s

Unidirectional

4
Channel 3

DAPI-T2

Excitation Wavelength

Emission Wavelength

Effective NA 0.3 = 0.3

Detection Wavelength 515-620 656-700 400-515

LSM800 GaAsP-Pmt3 LSM800 GaAsP-Pmt2 LSM800 GaAsP-Pmt1

Imaging Device
Detector Type GaAsP GaAsP GaAsP
Detector Gain 650 V 700V 650 V
Detector Offset 0 0 0
Detector Digital Gain 0.3 0.3

Figure 8.3. Acquisition information for CNA35 collagen probe staining.
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8.7.

Appendix G — uCT Analysis Macro for Hydrogel

Mineralisation

Table 8.2. Table of macro used to determine hydrogel mineralisation.

Step 1: Filtering

Mode

Median (2D space)

Kernel

Round

Radius

4

Step 2: Thresholding (3D space)

Mode

Automatic (Otsu method)

Background

Dark

Lower grey threshold

35

Upper grey threshold

255

Step 3: Morphological operations

Type

Erosion (2D space)

Kernel

Round

Radius

8

Apply to

Image

Step 3: Despeckle

Type

Sweep (2D space)

Remove

All except the largest object

Apply to

Image

Step 4: Despeckle

Type

Sweep (3D space)

Remove

All except the largest object

Apply to

Image
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Step 5: Morphological operations

Type

Dilation (3D space)

Kernel

Round

Radius

8

Apply to

Image

Step 6: Despeckle

Type

Remove pores (2D space)

Detected by

By Image borders

Apply to

Image

Step 7: Morphological operations

Type | Closing (3D space)
Kernel | Round
Radius | 3
Apply to | Image
Step 8: Bitwise operations
<Regions of interest> = COPY<Image>
Step 9: Reload image
Step 10: Thresholding
Mode | Global
Lower grey threshold | 90
Upper grey threshold | 255

Step 11: Bitwise operations

<Ilmage>=<Image>AND<Region of
Interest>

Step 12: Save bitmaps (only ROI)
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File format

bmp

Step 13: Save bitmaps

<Ilmages>=COPY<Clipboard>

Step 14: 3D analysis

Abbreviations Unit
Tissue volume | TV pum?3
Bone volume | BV pum?3
Percentage bone volume | BV/TV %
Tissue surface | TS pum?
Bone surface | BS pum?
Intersection surface | i.S pum?
Bone surface / volume ratio | BS/BV 1/ um
Bone surface density | BS/TV 1/ um
Trabecular pattern factor | Th.Pf 1/ um
Centroid (x) | Crd.X pm
Centroid (y) | Crd.Y pm
Centroid (z) | Crd.Z pm
Trabecular thickness | Tb.Th pm
Trabecular number | Th.N 1/ um
Trabecular separation | Th.Sp pm
Number of objects | Obj.N
Number of closed pores | Po.N(cl)
Volume of closed pores | Po.V(cl) pum?3
Surface of closed pores | Po.S(cl) pum?
Closed porosity (percent) | Po(cl) %
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Volume of open pore space | Po.V(op) pm
Open porosity (percent) | Po(op) %
Total volume of pore space | Po.V(tot) pum?3
Total porosity (percent) | Po(tot) %
Euler number | Eu.N
Connectivity | Conn
Connectivity density | Conn.Dn 1/ pm3

248




Chapter 8

8.8.

Appendix H — uCT Analysis Macro for Hydrogel

Density

Table 8.3. Table of macro used to determine hydrogel density.

Step 1: Filtering

Mode

Median (2D space)

Kernel

Round

Radius

4

Step 2: thresholding (3D space)

Mode

Automatic (Otsu method)

Background

Dark

Lower grey threshold

19

Upper grey threshold

255

Step 3: Morphological operations

Type

Erosion (2D space)

Kernel

Round

Radius

8

Apply to

Image

Step 4: Despeckle

Type

Sweep (2D space)

Remove

All except the largest object

Apply to

Image

Step 5: Morphological operations

Type

Dilation (3D space)

Kernel

Round

Radius

8
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Apply to

Image

Step 6: Despeckle

Type

Remove pores (2D space)

Detected by

By image borders

Apply to

Image

Step 7: Morphological operations

Type | Closing (3D space)
Kernel | Round
Radius | 3
Apply to | Image
Step 8: Bitwise operations
<Region of Interest>=COPY<Image>
Step 9: Reload Image
Step 10: Bitwise operations
<Clipboard>=COPY<Image>
Step 12: Thresholding
Mode | Global
Lower grey threshold | 45
Upper grey threshold | 255

Step 13: Bitwise operations

<region of interest>=COPY<Image>

Step 14: Bitwise operations

<Ilmage>=SWAP<Clipboard>

Step 15: Histogram (3D space) inside
VoI
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Step 16: save bitmaps

File format | bmp

Step 17: 3D analysis

Mean density

Standard deviation

Standard error or mean

95% confidence limit (minimum)

95% confidence limit (maximum)
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8.9. Appendix | — Original Picrosirius red images for

hydrostatic pressure study

Control 100 kPa 200 kPa 300 kPa

Basic

Chondrogenic

Osteogenic

Figure 8.4. Original Picrosirius red images of microtissuescultured in basic, chondrogenic,
osteogenic media following 14-day period hydrostatic pressure stimulation at 100 kPa, 200
kPa or 300 kPa. Representative images were taken with 4x objective, n=3 repeats. Scale bar

represents 500 pum.
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