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Abstract

In vitro models of bone aim to use materials that encourage the fast
deposition of significant amounts of mineral and collagen. Although this
would be beneficial in tissue engineering applications, using this for wn vitro
modelling oversimplifies the organised structure that is observed in mature
bone. Furthermore, cortical and trabecular bone have notably different
architectures. Within this thesis, two differential scaffolds were developed
and tested, for use in lamellar and trabecular bone models, to mimic
structural features of the two bone-type organisations that are commonly

overlooked in 7n vitro models.

For a model of lamellar bone, aligned and non-aligned polycaprolactone fibres
were explored, to test whether human cells at an early stage of osteogenic
differentiation would deposit collagen exhibiting a twisted plywood
deposition behaviour and provide a model system of laboratory-grown
lamellae. On aligned fibres, there was an observable spacial change in collagen
direction comparable to that seen within physiological human lamellae,
which shows a gradual change in fibril direction between 10-60° from the
initial orientation of the fibrils closest to the osteon’s centre. A method to
produce a more cortical bone-like structure may be valuable for a variety of
applications, including the development of more accurate models of lamellar

osteogenesis, or for use in high-throughput drug testing.

To produce a trabecular-like material, a novel method for producing a porous
emulsion was explored. By the combination of mechanical properties of
methacrylated polycaprolactone-triol (3PCL-MA) and the biocompatibility of
gelMA, this work aimed to develop a tuneable and mechanically robust porous
bioink for the 3D printing of trabecular bone, using a curable two-phase
emulsion system. 3PCL-MA/GelMA emulsions provide a viable route for the
fabrication of stiff, printable inks. The mechanical properties of the inks are
significantly higher than that of pure gelMA, which may make them a more

promising option for the culture of bone cells.
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the sample. Tested with two-way ANOVA and Tukey’s post-hoc test for multiple
comparisons. Results show mean + SD (n=9) a=0.0321 b=0.0013 ¢c=0.0146................... 110
Figure 5-7: A-D: Representative SHG images of collagen deposited by Y201 cells
cultured on aligned and non-aligned fibres at day 14 of culture with OM. Each image
represents 5 1um slices, with the average (mean) orientation of the fibres from the
original PCL fibre axis written beneath. Measurement in top left describes distance
from PCL scaffold. Scale bar represents TOOPM. .......ccocveiririnincneneeeeeeeeee e 111
Figure 5-8: A-D: SHG images of collagen cultured on aligned and non-aligned fibres at
day 21 of culture with OM. Each image represents 5 Tum slices, with the average
orientation of the fibres from the original PCL fibre axis written beneath. Scale bar
represents 100pm. E-H: 3D histograms highlighting changes in directionality of
collagen fibres in relation to depth for each 5um stack of SHG slices. Y-axis: Ratio of
fibres in each analysed image at a particular angle from 0 to 180. Each histogram is of a
single Z-stack image that is deemed representative of the general trend for each
(oT0] Ve 114 [0 TR PRSP 113
Figure 5-9: Difference in the orientation of collagen fibre alignment from the slice
closest to the scaffold, compared to the top-most slice. Y201 cells were seeded on
either plasma-coated or fibronectin-coated aligned fibres and measurements taken at
days 14, 21, and 28. Measurements were taken across 16-20 separate images per
condition, across a sample size of n=9. Results show mean £ SD * p <0.05.............. Error!
Bookmark not defined.

Figure 5-10: A-D SHG images of collagen cultured on aligned and non-aligned fibres
taken on day 28 of culture with OM. Each image represents 51 pm slices, with the
average orientation of the fibres from the original PCL fibre axis written beneath. Scale
bar represents 50 ym. E-H 3D histograms highlighting changes in the directionality of
collagen fibres in relation to depth for each 5 pm stack of SHG slices. Y-axis: Ratio of
fibres in each analysed image at a particular angle from 0 to 180. Each histogram is of a
single Z-stack image that is deemed representative of the general trend for each
CONAITION .ttt b e sttt e bt esbe e she e st e sabeebeenbeenes 115
Figure 5-11: Difference in the orientation of collagen fibre alignment from the slice
closest to the scaffold, compared to the top-most slice. Y201 cells were seeded on
either plasma-coated or fibronectin-coated aligned fibres and measurements taken at
days 14, 21, and 28. Measurements were taken across 10-16 separate images per
condition, across a sample size of n=9. Results show mean + SD Tested with a two-way
ANOVA with Sidak’s post-hoc test for multiple comparisons. Significant p number is
ShOWN @S @=0.03882 ..ottt st ettt sb et b et be e 116
Figure 5-12: Change in orientation of fibre alignment from the PCL fibres on plasma
coated or fibronectin coated aligned fibres at day 28 in either EM or OM.
Measurements were taken across 16-20 separate images per condition, across a
sample size of n=9 (OM) and n=6 (EM). Results show mean + SD. Tested with a two-
way ANOVA with Sidak’s post-hoc test for multiple comparisons. Significant p numbers
indicated as *=<0.007 ........coiiiiiiitee ettt sttt st b e ettt 117
Figure 5-13: A-B SHG images of aligned fibres taken at day 28 of culture with EM. Each
image represents 5 1um slices, with the average orientation of the fibres from the
original PCL fibre axis written beneath. Scale bar represents 50um. E-H 3D histograms
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highlighting changes in directionality of collagen fibres in relation to depth for each

5um stack of SHG slices. Y-axis: Ratio of fibres in each analysed image at a particular
angle from 0 to 180. Each histogram is of a single Z-stack image that is deemed
representative of the general trend for each condition...........ccocoeiiiiiiiininininnene, 117
Figure 5-14: Confocal images of the cell nucleus (DAPI in blue) and cytoskeleton
(phalloidin-TRITC in red) of h-TERT Y201 cells seeded on non-aligned (A) and aligned
(B) scaffolds at day 7. Cells on aligned PCL fibres show a cytoskeleton that is aligned
along the axis of the fibres, whilst non-aligned PCL fibres appear to have no notable
organisation. Scale bar at 200 PM .........ccoviiiiiiicce s 118
Figure 5-15: Circularity and nuclear area of h-TERT Y201 cells at days 7, 14, 21 and 28 of
culture on aligned or non-aligned scaffolds in either expansion media (EM), or
osteogenic media (OM). Results are shown as mean = SD of 500 measurements taken
over 9-12 separate images per condition. Analysed using Kruskal-Wallice test with
Dunn’s post-hoc for multiple comparisons. Significant p values represented by a=0.055
b=0.0325 ¢=0.0419 d=0.0213 and *= p<0.000T ......c.cccervierireerriieee et 119
Figure 5-16: Toughness (A-C), ultimate tensile strength (UTS) (D-F) and Young’s
modulus (G-I) measured on aligned and non-aligned PCL fibres, cultured with h-TERT
Y201 cells for 28 days in either EM or OM. Blank condition represents an acellular
scaffold placed in OM for 28 days at 37°C All PCL fibres were plasma + fibronectin
coated. Aligned fibres were tested in both the transverse and longitudinal orientations.
Results are shown as mean + SD. n=4 Analysed using a one-way ANOVA with Tukey’s
post-hoc test for multiple comparisons. Significant p values are shown as a=0.041
b=0.0113 ¢=0.0003 d=0.0084 ¢=0.0002 f=<0.0001 g=<0.0001 h=0.0021..........cc0ccvrur...... 120
Figure 5-17: Osteogenic gene expression of Y201 cells at days 3 and 21, shown as log» of
fold-change, compared to OM-treated 2D controls. Results shown meantSD (n=3
(SPP1) n=3-5 (ALP) 0r n=5-68 (RUNX2)).....cccertrtrrririrerieririeientetsieesieesie e seenes 122
Figure 5-18: RUNX2 expression from h-TERT Y201 cells at day 21, cultured in either EM
or OM. Results are shown as log?2 of fold-change, compared to EM-treated 2D controls.
Results shown meantSD (n=5-6) Statistical analysis performed using two-way ANOVA
with Tukey’s post-hoc test for multiple comparisons. Significant p values shown as

AT 0.02TT ettt h e eh b bt e a e bt e a e et bt et b e bt et sheente b saeenee 123
Figure 5-20: Mechanotransduction-related gene expression of Y201 cells at day 3.
Shown as log of fold-change, compared to OM treated 2D controls. Results shown
meantSD (n=5-6). Statistical analysis performed using two-way ANOVA with Tukey’s
post-hoc test for multiple comparisons. Significant p values shown as a=0.0028. ....... 124
Figure 5-19: RhoA expression of h-TERT Y201 cells at days 3 and 21. Shown as log, of
fold-change, compared to OM treated 2D controls. Results shown mean+SD (n=3 (Day
3) or n=6 (Day 21)). Statistical analysis performed using two-way ANOVA with Tukey’s
post-hoc test for multiple comparisons...........cccooiieeiiiiciniie e 124
Figure 5-21: SHG images of collagen produced by MG63 cells after 21 days in culture
with osteogenic supplementation. Each image represents 5 Tum slices, with the average
orientation of the collagen fibres from the original PCL fibre axis written beneath. Scale
BaAP PEPreSENTS BOPM ..c..viiiice e s s et et be e beesbe e saeeenreenrees 125
Figure 6-1: Emulsions after 1hr of incubation at 37°C with varying wt/wt% of alginate
and PEO in standard 1.5 mL Eppendorf tubes . Rhodamine B was added to assist with

xi
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visualisation of separation of the aqueous and oil phase. Labels correspond to samples
OULHNEd IN TADIE T. ..t 142
Figure 6-2: Fluorescent microscope images of 60% emulsions imaged with varying
percentages of alginate and PEO. Samples labelled with Rhodamine B and imaged at
1ex550/2emb573 nm. Scale bar at 200UM ..ot 143
Figure 6-3: Analysis of pore size of 3PCLMA emulsions at varying degrees of the
aqueous phase. Graph shows the mean = SD of 100 pores measured using imaged.
Statistical analysis performed using Krushkal-Wallis with Dunn’s post-hoc test for
multiple comparisons. Significant p values shown as a=0.008 b=<0.0001 ¢=<0.0001...144
Figure 6-4: Fluorescent microscope images of P5A3 emulsions imaged with varying
percentages of aqueous percentages. Samples labelled with Rhodamine B and imaged
at 2ex650/,em573 nm. Scale bar at 200UM ... 145
Figure 6-5: Confocal images of 60% emulsions stained with Rhodamine B (PCLMA, red)
either immediately after curing (Left), and after 48 hours in expansion media (EM)
(right), to allow for elution of polyethylene oxide (PEO) Scale bar at 200uM. .............. 146
Figure 6-6: Young's modulus (A) and ultimate tensile strength (B) of pure 3PCLMA
after autoclaving at 121°C for 30 minutes. Results show as mean + SD (n=5) Statistical
analysis performed using an upaired t-test. Significant p values shown as a=0.0033 and

LT O 57 R PSR 148
Figure 6-7: Representative tensile stress/strain curves of 60% aqueous phase 3SPCLMA
emulsions with varying degrees of HAp dispersed within the oil phase.......................... 149

Figure 6-8: A) Young’s modulus and B) ultimate tensile strength of 60% aqueous phase
3PCLMA emulsions with varying degrees of HAp. Results show as mean + SD (n=5).
Statistical analysis performed using one-way ANOVA with Tukey’s post-hoc test for
multiple comparisons. Significant p values shown as a=0.047 b=<0.0001 ¢=<0.0001

d=<0.0001e=0.0003 f=0.0002 g=0.0004 h=<0.0001i=<0.0001 .........cceeerrerrerrererrerrerenns 149
Figure 6-9: Light microscopy images of MG63 cells after 14 days of culture, with varying
degrees of exposure to UV. Scale bar at 5O00UM. .......ccccoviiiiiniiniiireeneeee e 150

Figure 6-10: Assessment of the metabolic activity and matrix-producing potential of
MG63 cells exposed to UV for varying durations. It was seen that there were no
significant effects of exposure duration on either metabolic activity or matrix
production. Results shown as mean + SD (n=9) Statistical analysis performed using
one-way ANOVA with Tukey’s post-hoc test for multiple comparisons.......................... 151
Figure 6-11: Resazurin assay for metabolic activity of cells encapsulated in
GelMA/alginate, or a 3PCLMA emulsion at 70% aqueous phase 24 hours after
encapsulation. Results shown as mean + SD (n=9). Statistical analysis performed using
one-way ANOVA with Tukey’s post-hoc test for multiple comparisons. Significant p
values represented as a=0.0170 b=<0.0001 c=<0.0007........cccceeriereerieriierreeneenee e 152
Figure 6-12: Fluorescent microscopy of 3T3 cells encapsulated in either pure
GelMA/Alginate (Top) or a 3PCLMA emulsion containing 70% aqueous phase (Bottom)
labelled with Calcein AM (Live cells) or ethidium homodimer-1 (dead cells). It is seen
that the emulsions give off a high degree of autofluorescence, preventing the
observation of live and dead cells. Scale bar at 200uM..........cccccovveriiencneieiiereeee 153
Figure 6-13: Metabolic activity of MG63 cells seeded on TCP with the addition of cured
60% emulsions directly on top. DO represents the metabolic activity of the MG63
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Thesis Summary

There is an increasing movement presently towards the use of vn vitro models for a
wide range of applications, including studying diseases, drug interactions, cell-cell
interactions and cell dynamics. The use of models that more accurately represent
the 3D wm vwo tissues may more accurately mimic cellular behaviour, speeding up
scientific understanding and minimising the requirement for animal models. This
thesis aims to produce two different materials that may fill gaps in the existing

technologies in vn vitro bone modelling.

Although the complexity behind the distinctions between the definitions of
cortical, lamellar and osteonal bone is known, from this point forward, “lamellar
bone” is used to describe bone with a twisted plywood, osteonal structure
commonly observed in cortical bone, and “trabecular bone” is used to describe bone

formed of interconnected trabeculae.

This first aim was to produce a model that more closely resembles the lamellar

microstructure, as cortical bone is widely overlooked in many #n vttro bone models.

To achieve this, polycaprolactone aligned and non-aligned micro fibrous scaffolds
were electrospun. Alignment was controlled by altering the rotating speed of the
collecting drum, as well as altering the voltage. The resulting scaffolds then
underwent plasma surface treatment, which was shown to decrease surface
hydrophobicity and increase cell attachment. Finally, the scaffolds were either
further coated with fibronectin, or left uncoated, to assess its effects on both

cellular attachment and the resulting collagen and extracellular matrix produced.
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An immortalised tri-lineage human, mesenchymal stem cell line, h-TERT Y201 was
used in this work, and xeno-free media was predominantly used. The culture and

osteogenic differentiation of h-TERT Y201 in xeno-free media was investigated.

Electrospun scaffolds were seeded with h-TERT Y201, and cultured over 28 days and
their ability to support osteogenic differentiation, characterised by collagen and
mineral deposition, and ALP activity, was assessed. The addition of fibronectin on
its capacity to improve collagen production was examined, as well as whether this

had any effect on the collagen organisation.

Collagen orientation was assessed on the fibres using the 2-photon laser imaging
technique, second harmonic generation. The special organisation of collagen was
examined periodically over 28 days. SHG was chosen due to its capacity to give
both quantitative and qualitative information on the deposited collagen. Collagen
organisation was examined under osteogenic conditions, fibroblastic conditions

and for a osteosarcoma-derived cell line, MG-63.

Differential gene expression was assessed using qPCR for Y201 cells cultured on
aligned and non-aligned fibres under osteogenic or fibroblastic culture conditions.
Markers of osteogenic differentiation, as well as mechanotransduction-related

genes were examined.

The second part of this thesis explored methods of producing interconnected,
porous emulsions that can be used to produce multi-scale porosity models of
trabecular bone. Many models of trabecular bone focus on a single scale of porosity,
which over simplifies the complexity of the structure. Within single-scale porosity
models, cells would be sitting along the outside of the trabecular “struts”, rather

than within, which is what is observed @n vwwo. A secondary aim of the work was to

XXi



produce these emulsions with minimal cytotoxic components, intending to
minimise the current requirements for extensive post-processing of traditionally

produced polymer high internal phase emulsions.

Freeze-dried, polycaprolactone Pickering HIPEs were first explored, to remove the
need for photo initiators and surfactants. However, it was observed that the process
often resulted in collapsing of the porous structure, and a non-interconnected
porous network. The second method explored producing an emulsion that used the

popular 3D printable hydrogel, gelatin methacrylate (GelMA), as an aqueous phase.

GelMA was emulsified with a 3-arm methacrylated polycaprolactone, to produce a
material that was 3D printable, but with better mechanical properties than gelMA
alone. To stabilise the emulsion, the viscosity of the aqueous phase was increased
with the addition of alginate, whilst interconnectivity of the polycaprolactone was
created by the addition of soluble molecule, polyethylene oxide, which may be

eluted off post-curing.

Mechanical properties of the emulsions at various aqueous phase percentages were
examined, as well as the effects of hydroxyapatite. Finally, the potential of the ink
to be used for direct cell encapsulation was explored, as well as it’s potential to be

used within direct cell seeding.
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1 Literature Review

Introduction

Current 2D in vitro models used for pre-clinical testing in the field of bone
research often face significant challenges when transitioning to vn viwo studies.
These difficulties arise from a multitude of factors, with one prominent issue
being the absence of a truly representative 3D environment [1]. This problem
underscores the need for a shift in our approach to pre-clinical testing,
particularly in the context of reducing our reliance on animal experiments, a
concept pioneered by the 1959 publication "The Principles of Humane
Experimental Technique," which introduced the ethical framework of the 3 R's
(Reduce, Refine, Replace) for animal experimentation [2]. To genuinely reduce
our dependence on animal models, we must first improve our i vitro testing

methodologies.

When it comes to developing materials for implantation and subsequent bone
regeneration, the choice of material must be one that can facilitate several
critical functions, including promoting effective infiltration, osteoinduction, and
osteointegration, achieved through the rapid deposition of the extracellular
matrix (ECM). It may be argued that precisely mimicking the physiological
organization of the ECM may be of secondary importance, as bone possesses an
inherent capacity to gradually remodel a disorganized matrix, a process similar
to natural fracture healing. However, in the context of vn vitro models,
replicating the highly organized structure of collagen and mineral within bone,

along with the intricate cellular interactions within this matrix, could prove



beneficial. This is due to the organization of ECM having been shown to
significantly impact the mechanical properties of resultant tissues, which, in

turn, play a pivotal role in regulating and influencing cellular behaviour [3]-[11].

Furthermore, it is essential to acknowledge that cortical and trabecular bone,
two fundamental types of bone tissue, exhibit profoundly different architectural
organizations. Consequently, they also differ in the organization of their ECM.
However, many in vitro models tend to treat bone as a single-phase tissue, a
simplification that more closely resembles osteoid tissue. Nevertheless,
numerous studies have highlighted differing effects of drugs and diseases on
cortical and trabecular bone [12]-[14]. These distinctions can be attributed to a
variety of factors, including variations in bone density, the availability of cell
surface area, intercellular connectivity, and the activation of distinct

mechanotransductive pathways.

In summary, the challenges faced by current 2D in vitro models when
transitioning to vn vwwo studies underscore the pressing need for improvements
in pre-clinical testing methodologies. This shift is vital not only to enhance the
efficiency and ethical considerations of research but also to provide more
accurate representations of the complex interactions within bone tissue. By
incorporating a more nuanced understanding of ECM organization and
recognizing the unique characteristics of cortical and trabecular bone, we can
move closer to developing i vitro models that better mimic the intricacies of

bone physiology and pathology.



1.1 Bone structure and function

Bone is a dynamic tissue that serves various roles. These include protecting
internal organs and marrow, giving structural support to the body, providing
anchorage to muscles, allowing for movement, and as a store of minerals such as
calcium and phosphorus, as part of mineral homeostasis. Bone is a composite
material that comprises an organic phase, and an inorganic phase. The organic
phase accounts for around 30% of bone's dry weight, and is around 90% type I
collagen, as well as small amounts of type III and type V present. The remaining
content is formed of various non-collagenous proteins such as glycoproteins and
proteoglycans. The inorganic component of bone, the remaining 70% of the
bone’s dry weight, is formed of minerals. This mineral is a form of
hydroxyapatite (HAp), or biological apatite, containing calcium and phosphorus,
as well as smaller trace amounts of carbonate, magnesium, sodium, and
potassium. HAp is seen to be deposited along the axis of the collagen [15]. The
high proportion of collagen is what gives the bone its elasticity, and contributes
to the tensile strength provided by the HAp component. A summary of the
different structures and their length-scales found within bone is given below in

Table 1.



Table 1: Structural features and scales found in bone.

Feature Scale Size
Whole bone Macroscale Variable
Cortical and trabecular | Mesoscale N/A
bone

Singlular osteons and Microscale 1-500uM
trabeculae

Single lamellae Micro to nanoscale 5-7uM
Collagen fibrils and mineral | Nanoscale <1uM

Bone is covered by a periosteum, which is a fibrous, highly vascularised, and
innervated sheath that surrounds the outermost surface of the bone. It acts as a
significant contributor of blood to the bone and surrounding muscle [16].
Periosteum is a major contributor of cells during fracture, as part of the bone

healing process [17].

111  Cell types of bone

Bone is highly dynamic, and is continuously undergoing a process of
remodelling, which will be described in more detail in section 1.4. This process is
vital for bone health and maintenance, as well as for mineral homeostasis. Bone
remodelling is largely controlled by bone cells, of which bone contains three

main cell types: osteoblasts, osteocytes, and osteoclasts.

Osteoblasts are mono-nucleated cells derived from osteoprogenitor cells and are
involved in the deposition of extracellular matrix (ECM) components and
regulation of calcium deposition and mineralisation through the production of
several bone-regulating non-collagenous proteins such as osteopontin and
osteocalcin, summarised in greater detail in table 2 [16]. They have an elongated,

flat shape, which is thought to assist with the deposition of collagen, which
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occurs parallel to its long-axis orientation [18]. Osteoblasts eventually become
embedded within their matrix within a lacuna, becoming terminally

differentiated osteocytes.

Osteocytes are smaller, stellate cells with many processes protruding out
through channels known as canaliculi. These processes then allow for
connections between the processes of other surrounding osteocytes or
osteoblasts. They serve several important functions, including acting as
mechanosensors, which in turn allows for regulation of bone remodeling and

maintenance of mineral balance.

Osteoclasts are large, multinucleated cells that can break down and resorb the
bone tissue and play a vital role in the maintenance, remodelling and repair of
bone. Bone homeostasis is maintained by a careful balance of the activities of
osteoclasts and osteoblasts, disruption of bone homeostasis can lead to a variety

of diseases, such as osteoporosis, Paget’s disease and osteopetrosis [19].

Table 2: A non-exhaustive list of non-collagenous bone proteins and their functions

Protein Function Gene Citation
Name
Osteocalcin Expressed solely by osteoblasts, plays | BGLAP | [20]

a minor role in ECM mineralisation
and many other metabolic pathways

Osteopontin A sialoprotein produced by | OPN [21]
osteoblasts and MSCs. Anchors
osteoclasts to the mineral matrix of
bones.

Binds to calcium atoms at available
crystal surfaces as a mineralisation
inhibitor

Bone  sialoprotein | A phosphorylated glycoprotein that is | SPP1 [22]
(BSP) synthesized by osteoblasts. Mediates
cell-cell interactions via an integrin-
binding site.

Plays a role in the nucleation of HAp

Osteonectin Glycoprotein secreted by osteoblasts. | SPARC | [23]
Found in bone and other locations.
Binds to calcium during bone
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formation, initiating mineralization and
promoting mineral crystal formation.
Also plays a role in collagen binding.

Alkaline Membrane-bound metalloenzyme | ALPL [22]
Phosphatase (ALP) | found in various locations of the body.
Synthesised by osteoblasts and
involved in bone matrix calcification
and an early osteogenesis indicator.

Bone Osteogenic growth factor that can | BMP2 | [24]
morphogenetic induce bone formation. FDA approved
protein-2 (BMP-2) for clinical use. Key role in osteoblast
differentiation. Involved in TGF-beta
signalling and hedgehog pathway

Bone Necessary for the differentiation of | BMP7 | [25]
morphogenetic pre-osteoblasts into mature
protein-7 (BMP-7) osteoblasts

11.2 Cortical bone

Cortical bone, also known as compact bone, is the dense, outer layer of bone. It
has a porosity of only 10-15% and makes up around 80% of the overall skeletal
mass. It has an anisotropic strength, generally being stronger in the longitudinal

direction than the circumferential.

Cortical bone in humans is mainly comprised of osteons. There are two forms of
osteons. The first are primary osteons which form during appositional growth of
bone. Secondary osteons are produced through the remodelling of bone, formed
of units consisting of concentric lamellae (formed of type I collagen),

surrounding a central canal, which houses the blood vessels and nerve fibres

(Figure 1-1).
Whole bone Osteonal microstructure Lamellae
~100's mm ~100's um ~1um

Osteocyte
lacuna

: Lamellae
Haversian

Cortical
bone

N

Twisted plywood
arrangement

Figure 1-1: Hierarchical structure of cortical bone. Image obtained from Zimmermann et al
with permissions pending [325]



There is still much debate on the organisation of the bone lamellae, with a few
different proposed models of the structural motifs of bone. These include the
twisted plywood structure and alternating lamellae. The alternating lamellae, or
orthogonal lamellae, the organisation is described to have collagen that is highly
aligned in a single layer, with an abrupt change between each layer so that the
collagen is laying transversely across the previous layer[26]. This model arose
since when imaged under polarised light, there are visible alternating light and
dark bands due to the birefringent properties of collagen, and it was thought that
this was caused by the collagen being either parallel or transverse to the plane of
imaging. However- the darkness of the band is not related purely to orientation
and may be affected by the quality, quantity, presence of minerals and

orientation of the sectioning-thus making its interpretation difficult [27], [28].

The now more widely accepted model of collagen arrangement is the twisted
plywood structure, proposed by Giraud-Guille et al. in 1988. Using transmission
electron microscopy of a transversely sectioned osteon, an arcing pattern of
collagen was observed [29]. From this, it was proposed that bone lamellae are
arranged concentrically around a central canal, sometimes referred to as a
Havsersian canal. Each lamella is formed of 5 collagen sheets, with each one
slightly offset to the previous by an angle of 5-25° (Figure 1-2) [30], [31].
Wagermaier et al used scanning small angle x-ray scattering to try and resolve
the individual 1pm layers of lamellae across an osteon, to distinguish the relative
orientations of the layers[31]. They showed that the orientation of the individual
layers gradually changed across 0-90°, with a periodicity of 5-7pum- roughly the
width of a single lamella. The outermost lamellae are also shown to have a

different chirality to the rest of the inner lamellae, as highlighted in Figure 1-2.
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Figure 1-2: Fibrillar orientation relative to the haversian canal. The orientation of the fibrils
changes with a periodicity of 5 — 7um. Fibrils of the outermost lamella show a different
chirality to that of the inner lamellae. Reprinted with permission from Wagermaier [31] et al
Copyright 2023 American Vacuum Society

Conversely, work by Marotti et al concluded a slightly different model of bone,
which is formed of alternating collagen-rich, and collagen-poor layers, described
as dense and loose lamellae, respectively. In this model, the osteocytes are
confined to the loose lamellae only, with the dense lamellae being considered

acellular[28].

More recently Reznikov et al showed that within lamellar bone there may exist a
composite of both highly ordered and disordered bone. In a small study of
human cortical bone, it was shown that in between compartments of organised
and “twisting” lamellae, there also exists a continuous network of disorganised
lamellae [32], [33]. It is also seen that there is an added complexity, where
collagen predominant orientation may change depending on the location within

the body, particularly within areas of high loading [34], [35].
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1.1.3 Trabecular Bone

Trabecular bone is highly porous, formed of “struts” of bone known as
trabeculae. The ECM composition of the trabecular bone is the same as that seen
in the cortical bone discussed previously. The type I collagen fibrils are
organised within sheets of lamellae, however, these are orientated along the axis
of the trabeculae in flat sheets, as opposed to the osteonal organisation seen

within the cortical bone [36].

In particular, the subchondral trabeculae, the bone beneath the cartilage within
an articular joint, shows high metabolic activity and is a dynamic structure with
high bone turnover. It possesses the ability to adapt to the changing mechanical
stresses placed on the joints through the remodelling of the trabeculae, to create
an organisation with high levels of mechanical anisotropy and preferential
orientation of trabecular struts, to equally distribute stresses along the articular

cartilage surface [37].

Collagen within the trabecular bone also has a lamellar structure but is slightly
different to that of the cortical lamellae. Trabecular lamellae are organised into
6um “lamellar packets” where one packet is all aligned and was produced within
a single deposition event, and are separated from the neighbouring lamellae by a
cement line [38]. The lamellae of different packets have different orientations,
resulting in a patch-work like arrangement of differently ordered lamellae [39].
There is some evidence, in a study by Ruben et al, that there may also be a
twisted-plywood arrangement of lamellae in some cases within trabecular bone

also[40].
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1.1.4 Woven Bone

Woven bone is generally the bone produced transiently during the healing of a
fracture, in cases of fast growth such as foetal development in humans or
diseases where fast bone turnover is observed, such as Paget’s disease and
hyperparathyroidism [18], [41]. It is characterised by a disorganised matrix of
collagen, and a lower mineral content, resulting in inferior mechanical
properties to that of the mature trabecular and cortical bone [18]. Collagen
within woven bone also has no specific organisation around the blood vessel,
compared to what is seen in Haversian systems in cortical bone [42]. Within
woven bone, the osteoblasts adopt a more cuboidal shape surrounding

themselves circumferentially in loosely deposited collagen [18].

Woven bone can be produced rapidly, to quickly stabilise a fracture or general
bone damage, which then provides a matrix for the slower and more controlled
deposition of the organised matrix observed within cortical and trabecular bone

[15].
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1.2 Stages of bone remodelling:

Bone first develops through one of two processes, intramembranous ossification,
where bone develops directly from sheets of mesenchymal connective tissue, or
endochondral ossification, where cartilage is first formed, before going through a
process of cellular differentiation, and mineralised matrix deposition. The
process of endochondral ossification occurs during foetal growth and continues

up to early adolescence.

Bone then continues to remodel throughout life, in response to various
physiological queues, mechanical forces and hormones, allowing it to gradually
adapt in a process known as Wolff’'s Law [43]. Furthermore, remodelling allows
bone to respond to and repair microcracks and breaks that may occur to the
bone. Bone remodelling is carried out through a careful balance of resorption
and deposition by the bone’s osteoclasts and osteoblasts respectively. Calcitonin
(CT), parathyroid hormone (PTH) and vitamin D3 are the major hormone

regulators of osteoclastic bone regulation [44], [45].

1.2.1 Activation

Activation is the first stage of bone remodelling, occurring in response to a
remodelling signal such as shear stress, microdamage, or hormone release. This
then results in the recruitment and activation of mononuclear monocyte-
macrophage osteoclast precursors from circulation, which fuse to form
multinucleated preosteoclasts in a process known as osteoclastogenesis [46].
These then can then tightly bind to the vitronectin, osteopontin and bone
sialoprotein proteins within the bone matrix via integrin receptors such as avf33,

and Arginylglycylaspartic acid (RGD)-containing peptides, creating resorbing
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compartments and protecting the surrounding, non-targeted bone from the

osteoclast actions [47], [48].

The process of resorption is controlled by the receptor activator of nuclear factor
kappa-B ligand (RANKL) pathway (Figure 1-3). RANKL is released by osteoblasts,
which then binds to receptor activator of nuclear factor-kappa-B (RANK)
receptors on osteoclast pre-cursors, subsequently activating the osteoclast into

active resorption [49], [50].

1.2.2 Resorption

Activated osteoclasts can then begin resorption. This occurs by decreasing the
pH of the resorbing compartment, through the secretion of hydrogen ions via H*-
Adenosine triphosphate(ATP)-ase proton pumps and chloride channels in their
cell membranes. In an acidic environment, the bone mineral begins to dissolve.
RANKL also stimulates the osteoclasts to secrete cathepsin K, matrix
metalloproteinase (MMPs), and gelatinase from cytoplasmic lysosomes, causing

the degradation of the remaining matrix and resulting in the formation of
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Figure 1-3: RANKL is produced by osteoblasts and binds to RANK receptors on the surface of
osteoclast pre-cursors. This stimulates the osteoblast pre-cursor to differentiate into an
osteoclast. Further binding activates the osteoclast, allowing it to bind to the bones surface and
secrete bone-resorbing factors. Created using BioRender.



Howship’s lacunae in trabecular bone and a cutting cone in cortical bone [49],

[50].
1.2.3 Reversal

Reversal is the transitional phase before bone formation begins. Although this
stage is still not fully understood, it is thought that a population of circulating
monocytes can prepare the bone surface for the addition of new bone, and
cytokines such as transforming growth factor beta (TGF-8), bone morphogenic
proteins (BMPs) and insulin-like growth factors (IGFs) begin to stimulate the
recruitment of pre-osteoblasts and osteogenic progenitor cells. Osteoclasts can
also be inhibited by osteoprotegerin (OPG) which can antagonise RANKL and

prevent the binding to RANK [51].
1.2.4 Formation

Finally, the formation of new bone occurs through the action of osteoblasts.
Osteoblasts first secrete collagen, forming the organic matrix, before
mineralising the new fibrils. As described previously, they eventually become
embedded within their matrix, and then either undergo apoptosis or become

terminally differentiated osteocytes.

1.3 Collagen structure and organisation

Type I collagen forms a major part of the organic component of bone. Type I
collagen is formed of two al chains and one a2 chain, which coil into a right-
handed triple helix, with a short, non-helical end of 15-25 amino acid subunits

[52].
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The synthesis of type I collagen begins with the transcription of the COL1A1 and
COL1A2 genes, which are then translated into pro-alpha chains in the rough
endoplasmic reticulum. The pro-alpha chains undergo several post-translational
modifications, including hydroxylation of specific proline and lysine residues, as
well as glycosylation of some hydroxylysine residues, forming glycosylated
hydroxylysine. The triple helical pro-collagen molecule is then formed via the

pro-alpha chains joining together in the endoplasmic reticulum.

Outside the cell, procollagen molecules undergo enzymatic cleavage to remove
amino- and carboxyl-terminal propeptides attached to the alpha chains, via
procollagen peptidases such as bone morphogenetic protein 1. These cleaved
helical molecules are known as tropocollagen, and can then assemble
hierarchically to form the more complex strands that form the fibrils which may
range anywhere from 50nm to 500nm in diameter [53]. At the end of the
tropocollagen molecules, there are free ends known as N- and C-terminal
telopeptides. Telopepetides consist of 1- to 26-residue non-triple-helical domains,
which assist in initiating fibrillogenesis of the collagen molecules, as well as
stabilising collagen through the formation of covalent cross-links of
neighbouring tropocollagen molecules, facilitated via action of enzymes such as

lysl oxidase.[54], [55].

1.3.1 Collagen arrangement in bone

The collagen organisation in bone varies depending on location, bone type, and
age. As discussed in section 1.1, highly organised and aligned collagen is seen
within the lamellar and trabecular bone, whilst a more disorganised matrix is

seen within the woven.
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Furthermore, HAp, the inorganic calcium phosphate component within bone
has also been shown to play a vital role in the strength of mature bone, with the
c-axis of the crystals aligned with the collagen fibre direction [56]. It has been
shown that the degree of alignment of HAp is also strongly correlated with the
mechanical strength of the bone [57]-[59]. Despite the evidence of the
importance of alignment of the mineralised collagen fibres on bone mechanical
properties, reproducing this structural anisotropy still proves difficult, and

therefore is rarely attempted for laboratory grown bone-like matrices.

1.3.2 Lamellae Formation

Collagen deposition is believed to be a dynamic process. The processes of
collagen subunit synthesis and assembly are well known, whereas there is much
less knowledge on the processes of collagen assembly and remodelling
extracellularly into its functional structures, such as that of the osteonal
lamellae. Although it is widely observed that the collagen produced by
osteoblasts is produced in the direction of the cell orientation, it is unknown
whether it is the cell that deposits its collagen along the axis of its orientation, or
whether the pre-deposited matrix assists in the aligning of the cell [60]. It is
observed that when seeded on aligned fibres or substrates, osteoblasts will align
themselves along the axis of the fibres, and in-turn begin to produce their
collagen in the direction of the fibrous substrate [61]-[63]. Alternatively, when
seeded on 2D plates without guidance, cells have no preferential alignment and
produce their collagen randomly, which may suggest that cells do require
guidance by the ECM to arrange into highly organised lamellae [59], [64], [65].
This raises the question of whether the ECM and collagen organisation is

regulated actively by cells, or is a process of self-assembly. Collagen is known to
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be able to self-assemble into D-banded fibrils as part of an entropy-driven process
and this can be achieved acellularly, with the use of purified collagen molecules
in an acidic solution. With the manipulation of collagen concentration,
temperature and pH, it is possible for the molecules to bind and assemble into
fibrils [52], [66], [67]. However, wn vwo, or @ vitro collagen assembly is much
more complex, with many interacting factors. Furthermore, the conditions that
are required for acellular fibrinogenesis are not representative of the wn vwo
environment, with temperatures above 35°C resulting in poorly banded and
disorganised fibrils, suggesting that collagen assembly vn vivo may occur through

a different mechanism [52],[67].

Some theories suggest that there may also be physical manipulation of collagen
organisation through cellular actions. Using MLOA-5 osteoblast-like murine cells
modified to produce fluorescently-tagged collagen, Lu et al suggested that
reorganisation of the collagen matrix is a highly dynamic process, with
continuous movement of osteoblasts throughout the deposition, and that the
osteocytes may “push” collagen, forming holes within the network [68]. Shiflett et
al. also confirmed this “pushing” mechanism within mouse primary calvarial
cells [69]. These studies, however, use systems with non-aligned collagen, so
again this may be a more comparable structure to that of woven bone. It may
also be mentioned that cells in culture do not spontaneously align collagen
without external stimuli such as shear stresses or physical guidance via aligned

substrates [70]-[74].

The lamellar organisation of collagen is not unique to bone, with a similar
phenomenon also being observed in the cornea and the intervertebral disc.

Whereas in other tissues such as tendons, collagen can be seen to be highly
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aligned, but with the absence of relative twisting of the collagen fibrils. It has
been seen previously that corneal fibroblasts when cultured on aligned collagen
substrates, are able to produce an initial cell layer that follows the guidance of
the fibres, before translating this into a physical cue that induces the second cell

layer to shift in orientation [72], [75].

1.3.3 Fibronectin and its role in collagen production

Production of the ECM is a dynamic process that relies on the interaction
between various matrix components. As discussed in section 1.3.2, the assembly
of collagen is believed to be an entropy-driven process in vitro, however, wn vwo,
it appears to be cell-mediated. It is also seen to be heavily influenced by the
presence of fibronectin [52], [68], [76], [77]. Fibronectin is a strain-sensitive, high
molecular-weight glycoprotein that plays many roles within the ECM. It is
known to have specific domains to promote cell-to-cell adhesion and cell-to-
basement-membrane attachment, as well as many other roles including
embryogenesis and wound healing [78], [79]. Fibronectin is also known to bind to
enzymatic cleavage sites along the al chain of collagen (I), protecting collagen
from degradation[80]. Several recent studies have also outlined a pivotal role
played by fibronectin in the early stages of collagen production and organisation,
with the co-dependency of the two having been observed in early matrix
formation, where the two appear to closely template one another [68], [77]. In a
study by Lu et al using the late osteoblast-like cell line, MLO-A5, in the absence of
fibronectin few collagen fibrils were assembled, but with exogenous fibronectin,
collagen deposition was significantly increased [68]. Additionally, an acellular
study investigating the molecular interactions between collagen and fibronectin

also demonstrated that FN appears to stabilize collagen nucleation and
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accelerate the growth of collagen fibrils [81]. These findings appear to suggest
that fibronectin is necessary for early-stage synthesis and templating of

collagen.

1.3.4 Second Harmonic Generation as an imaging technique

To properly understand collagen organisation and deposition behaviour, it is
important to be able to properly image the fibrillar structure. Common methods
for the characterisation of collagen, such as antibody staining and Sirius Red
stains (SRS) require processing steps such as fixing, staining, and washing the
samples. It may be debated that these additional processing steps may affect the

overall structure and organisation of the collagen.

Second harmonic generation (SHG) is a form of two-photon microscopy that
allows for visualization of a sample’s ability to form second harmonic signal. It

has been shown to be a powerful imaging tool for fibrillar collagen, with
promising uses within disease diagnosis and prognosis due to its high level of
detail in the structure and organisation of wn wvwo collagen [82]-[84].
Furthermore, SHG allows for deep tissue imaging whilst being non-invasive, and
non-destructive and can be done with no (or minimal) processing of the samples
that usually occurs with other common methods of collagen visualisation, such

as immunostaining.

For a signal to be produced, the molecule in question must be non-
centrosymmetric, that is, having no inversion symmetry. The laser light required
for SHG has greater directionality and can be focused on a diffraction-limited
spot less than a micron in diameter. This in turn excites the molecule with two

near-infrared incident photons of equal wavelength and low energy which scatter
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non-linearly, and produce an SHG wave with twice the energy but half the
wavelength of that of which it was excited by (Figure 1-4). In SHG, the resultant
emission is then stronger in the transmitted light direction compared to the epi-
direction. The measurement of the SHG intensity collected in the transmitted
light direction can be compared with that collected in the epi-direction and used

to estimate the size of the fibrillar structures that generate the SHG.

Incident wave SHG wave
w

Collagen molecule

Created in BioRender.com bio

Figure 1-4: Two photons interact within a non-centrosymmetric molecule (e.g collagen) and
are combined to form a new photon with twice the energy (2w) and half the wavelength of
the initial photons. Image produced in BioRender.

Collagen type I and II are both known to produce strong SHG signals due to the
chirality of the triple helices, making them non-centrosymmetric. In contrast,
type IV and IIT are not fibrillar @n viwo so are unable to produce signals [85], [86].
SHG does, however, show variations of signal intensity depending on the angle of
the plane of polarisation, with maximum signal intensity occurring when the
fibre axis is parallel to the plane of polarization. With the use of SHG, it is
possible to gain useful information on the alignment of the fibrils and the

quantity of overall collagen.

24



1.4 Mechanical properties of bone

It is difficult to give a precise number to the mechanical properties of bone.
Furthermore, the value which provides the most relevance when trying to
recreate these mechanical properties is still a topic of much debate and will
differ vastly depending on the question being asked. Mechanical properties of
bone will differ significantly, depending on how it is measured, and what volume
it is measured in [87]. For example, a whole bone measurement will differ
significantly from that of a small biopsy of pure trabecular or pure cortical bone,
or of that of a single trabecula. Furthermore, whether there is marrow present
also adds further complexity. As bone is an anisotropic material, the mechanical
properties also vary dramatically depending on the direction of the applied
force. This is especially true of bone that undergoes loading in predominantly a

single direction, such as the femoral neck.

There are many different mechanical properties looked at when assessing bone
strength, which is generally assessed through a typical stress-strain curve. These
include but are not limited to Young’s modulus, shear modulus, ultimate tensile
stress and ultimate compressive stress [88]. It is also possible to assess the
properties at the nanoscale, through technical such as hardness testing via

microscale and nanoscale indentation [89]—[91]

Bone will generally exhibit an elastic region, in which deformation is linear.
Within this region, any strain exerted onto the bone will not cause any damage,
with the bone returning back to its previous state. However, above the yield
strength of bone, permanent damage will occur, which usually forms
microcracks within the bone [92], [93]. Bone’s elasticity or stiffness can therefore
be quantified through the use of Young’s modulus, which can be obtained by

25



measuring the gradient of the elastic region on the stress-strain curve. In the
case of metabolically active bone within living organisms, this curve, including
the elastic region, may alter over repeated tests due to the adaptive nature of

bone and the cellular responses to mechanical forces such as strain or shear [94].

Ultimate tensile strength is the highest force that the bone can receive before the
commencement of fracture, which is signified by a sharp drop off on the stress-
strain curve. After this point total bone fracture would occur. This can occur in
tension, compression, or bending, which imparts a combination of tension and
compression, or torsion.

Table 3: Brief summary of mechanical properties of human bone from various
locations and sample sizes. NM = Not Measured

Sample type Structural Young’s, Ultimate | Reference
Scale tensile strength

Subchondral bone | Macroscale 19.8GPa, NM [95]

plate of femoral

head 3.5+1.2GPa, [96]
30+7.5MPa

Trabecular bone of | Mesoscale 56MPa+29.6, [97]

mandible with 3.9MPa 3.9

marrow

Micro specimen of | Microscale 18.6GPat3.5, NM [98]

cortical bone from

tibia

Single  trabecular | Microscale 10.4+£3.5GPa, NM [98]

from tibia

1.4.1 Effects of mechanical loading

Mechanical loading is essential for normal bone health, playing a key role in
maintaining the skeletal architecture through a balance of deposition and

resorption. An increase in mechanical loading should increase bone density,
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whilst an absence of loading, for example in cases of paralysis or long-term bed

rest, causes a notable reduction in bone density [99].

During loading, compression of the lacunae and canalicular network results in
changes in pressure, causing interstitial fluid flow and subsequent fluid shear
stresses applied to the surfaces of the surrounding cells. It is generally predicted
that the fluid shear stress that is experienced by cells within lacunae varies
between 0.8-3Pa [100]. It was once believed that osteocytes were completely
inactive cells, however, it is now known that they play a significant role in the
mechanosensing of bone. Osteocytes are known to be sensitive to mechanical
shear stress and can convert these mechanical signals into biochemical
responses in a process called mechanotransduction. This process involves
several mechanisms, including the activation of stretch-activated ion channels,
which can detect changes in fluid flow within the canalicular system of bone.
One specific calcium ion channel, known as Piezol, is seen to be highly expressed
in osteocytes [101]. When Piezol is active, it leads to increased expression of a
signalling molecule called Wntl, which, in turn, activates the Wnt/B-catenin
signalling pathway, where the Wnt signalling molecule is shown to act on
osteoblast precursors and promote differentiation of osteoblast pre-cursers into

mature osteoblasts [94], [102]-[104].

Mechanical compression or stretching may also be directly transmitted to the
nuclear envelope, through tugging on integrin adhesion receptors, and results in
altered transport of transcription factors, as well as causing remodelling of the
nucleoskeleton [105]-[108]. Dupont et al demonstrated that HIPPO pathway
effectors, Yes-associated protein (YAP) and Transcriptional coactivator with

PDZ-binding motif (TAZ), act as mechanotransducers that can relay cytoskeletal
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tensions to the nucleus and result in alteration of cellular behaviour [106]. This
pathway may be activated by external cues such as altering the stiffness of the
substrate, or by confining cells to a specific area and subsequently altering
morphology [5], [106], [109], [110]. Some investigators believe that osteocytes are
the primary mechanosensors in bone, however, this is also disputed, with others
arguing that osteoblasts may also be able to respond to mechanical stimuli in a

similar manner [70].

As discussed previously, differently differentiated cells are seen to have different
shape conformations. It is believed that this shape change in fact plays a key role
in the commitment process of a cell's differentiation and behaviour [9], [111]-
[113]. In a study by McBeath et al, it was shown that part of the cells commitment
proces was mediated by Ras homolog family member A (RhoA) and its
interactions with Rho-associated protein kinase (ROCK)-mediated cytoskeletal
tensions [114]. RhoA is shown to play a role in stress-fibre organisation, as well as
the maintenance of spindle assembly, and is seen to be expressed more greatly in
spread cells compared to rounded cells (Figure 1-5) [8], [107], [115]. It has also
been shown that through direct infection with a viral form of RhoA, there is
observable osteogenesis occurring even in absence of induction media,
suggesting that the cytoskeletal organisation plays a large role in triggering

differentiation, as opposed to differentiation causing cytoskeletal changes [114].
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1.5 Bone diseases
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Figure 1-5: RhoA/ROCK mediated pathway in response to cell morphology on fibrous
matrices. Reprinted with permission from Chang et al [274] Copyright 2023 American

Chemical Society

Currently, bone diseases such as osteoarthritis, are most commonly studied

within animal models, which are used to reproduce the symptoms, expression

and progression of the disease seen within humans [116]-[120]. The ideal animal

model would progress with similar mechanisms and severity as humans, but in a

shorter time frame, to allow for the more efficient testing of therapies and

identification of key stages and disease mechanisms. There are a large number of

limitations with the use of animal models, however, mostly due to differences in

anatomy, biomechanics and repair processes between animal and human joints

[121]. The critical differences between human and animal models are considered

to be one of the key reasons for the clinical trial failure of new compounds for

clinical use, with approximately 89% of novel drugs failing human clinical trials,

and with roughly half of those failures due to unanticipated human toxicity [122]
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All musculoskeletal diseases would benefit from bone models, however, some

diseases would have different requirements in order to be a useful model.

For example, some musculoskeletal diseases exhibit elevated bone turnover,
which involves a delicate balance between bone formation and resorption.
Paget's disease, for instance, is characterized by excessive bone remodeling,
leading to bone deformities and fragility. In such cases, creating an effective
bone model necessitates the presence of both osteoclasts and osteoblasts. An
accurate model for Paget's disease must capture the intricate interplay between
these cell types. Alternatively, osteonecrosis arises from inadequate blood
supply to bone tissue, resulting in bone cell death. For diseases like

osteonecrosis, vascularization within the bone model becomes paramount.

Certain musculoskeletal diseases, such as Osteogenesis Imperfecta and
Osteoarthritis, are characterized by dysregulation in the production and
organization of the extracellular matrix (ECM), specifically collagen. To create
suitable models for these conditions, researchers must focus on replicating the
disordered collagen organization and mineralization, as well as changes in ECM
composition and structure. Such models offer a unique opportunity to
investigate the genetic, molecular, and cellular mechanisms underpinning these

disorders.

1.5.1 Osteogenesis Imperfecta

Osteogenesis imperfecta (OI), or “brittle bone disease” is a genetic disorder,
characterised by a dramatic increase in bone fragility and resulting in fracture
even without a significant degree of force, as well as skeletal deformities of

variable severity. OI is caused by a genetic mutation, most commonly of the
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COLIA1 and COLIA2, genes which code for type 1 collagen, effecting its structure
and functions[123][123]. Although COLIAI and COLIA2 mutations account for
around 85% of overall OI phenotypes, other variations include but are not
limited to, genes encoding proteins that play crucial roles within collagen
synthesis (BMPI), collagen post-translational modifications (CRTAP, P3HI),
collagen crosslinking (FKBP6), bone mineralisation (SERPINF1) and osteoblast
functionality (SP7, TMEM38B) [124]-[128]. Investigation into these genes may

provide a deeper understanding of how healthy osteogenesis is regulated.

Asharani et al showed that a knockout of BMPI in zebrafish results in an
inability to create mature collagen fibrils, whilst the addition of a mutated
variation results in a loss of collagen order and structure [129]. Although BMPTI’s
exact function is unclear, it is known to be involved with the proteolytic removal
of the C-pro-peptides from procollagen precursors of type I collagen [130]. They
also noted that the osteoblasts adopted a more cuboidal shape, as opposed to the
elongated shape seen in healthy osteoblasts in regular lamellar bone. These
results suggest that BMPI may play a role in the control of healthy type I collagen

deposition and arrangement.

1.5.2 Osteoarthritis

Osteoarthritis (OA) is a disease of the osteochondral interface that presents with
symptoms of pain, swelling and stiffness within the joints. The pathophysiology
is complex but fundamentally results in the progressive destruction of the
articular cartilage and thickening of the underlying subchondral bone within the
articular joint. As cartilage lacks a significant regenerative capability, it results
in irreversible damage to the joint, alongside changes to the pathology of the
surrounding soft tissues, nerves and blood vessels which in turn results in the
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pain and swelling commonly presented by patients [131]. There is debate on the
origin of osteoarthritis, on whether the disease originates within the articular or
calcified cartilage, the subchondral bone that lies beneath, or elsewhere within
the joint [116], [120], [132], [133]. In OA patients, the bone is seen to be of poorer
quality and abnormally low degree of mineralisation, with an increased turnover
and it was previously thought that any changes to the bone within osteoarthritis
were secondary to the cartilage damage, however, more recently there is
evidence that changes to the subchondral bone may occur before measurable
changes to the articular cartilage [95], [134]. In a longitudinal study of changes
within OA-affected joints, radiographical images were able to show an apparent
thickening of the cortical bone plate in both hand and knee OA joints as the
disease progresses, which in turn could suggest that the subchondral bone may
play an important role in the development of OA[135]. Evidence also suggests
that bone sclerosis- the thickening and forming of hard nodules- is linked to
early-stage thickening of the cortical bone. It was shown that in cynomolgus
macaques the severity of articular cartilage lesions increased with increasing
subchondral bone plate thickness, whilst below a threshold of subchondral plate
thickness there was a complete absence of the formation of cartilage

lesions [136].

Currently, without a proper understanding of the mechanisms behind the
origins of osteoarthritis, it makes it difficult to study and find suitable drugs for
treating osteoarthritis without surgical intervention. Despite the obvious effects
on the subchondral cortical bone, it is a commonly neglected component of
osteochondral models, which generally focus on creating a biphasic
bone/cartilage model where an unorganised, sponge-like structure (and
consequently woven bone-like) is used to represent both the subchondral
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cortical and trabecular bone [137], [138]. The development of an vn vitro model of
organised cortical bone would also lend itself well to the development of an
osteochondral interface model and a better understanding of the mechanism

behind the origins and progression of osteoarthritis.

1.6 Modelling bone — Materials

An ideal material for use in wn vitro bone modelling would have similar
requirements to that of materials created for bone regeneration. It would need to
first be biocompatible, allowing for attachment, growth and spreading of cells
without any adverse effects on their viability. It would also need to be
osteoconductive, allowing for the deposition of a bone-like ECM. It would
preferentially be osteoinductive as well, inducing differentiation of MSCs or
immature osteoblasts into mature osteoblasts and osteocytes without the
addition of extra osteogenic differentiation factors such as dexamethasone.

However, this would not be an essential requirement.

When designing scaffolds for the use of bone regeneration or formation, the
porosity and material topography plays an imperative role in helping modulate
osteogenesis and vascularisation of the scaffolds. Although high porosity is ideal
for nutrient diffusion during culture, as well as the development of the matrix
and mineralisation, there is generally a decrease in mechanical strength of the
bulk structure of scaffolds as porosity increases, which proves a challenge for
when the scaffolds must be implanted in areas of high loading. Furthermore, due
to the apparent effects of the material's mechanical properties on cell behavior,

it would be reasonable to argue that in the absence of mechanical loading, as in
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the case for wn vitro models, it may still be important to recreate mechanical

properties that are close to that of the vn vivo bone.

1.6.1 Calcium Phosphates

Calcium phosphates (CaPs), although hold great promise within their
biocompatibility and osteoconductivity, are limited heavily by their toughness.
Numerous studies have demonstrated the enhanced toughness of CaPs with the
addition of type I collagen [139]-[143]. Inzana et al recently produced
macroporous 2wt% collagen CaP scaffolds using a low-temperature inkjet 3D
printing methodology and 8.75 wt% phosphoric acid as a binder [142]. Their
results showed that the fabricated scaffolds were improved in both mechanical
strength and their bone regenerative capabilities within a critically sized murine

femoral defect.

1.6.2 Polymers

Synthetic biocompatible and biodegradable polymers such as polylactic acid
(PLA), polyethylene glycol (PEG), and polycaprolactone (PCL) are also popular
choices within bone scaffold development due to their customisable chemical,
physical and mechanical properties. Composite scaffolds have also been shown
to help improve osteoconductive properties, for example, the addition of PEG
into porous PLA scaffolds showing to support the growth of mineralising

osteoblasts [144].

PCL is also commonly used as a material for bone tissue engineering, being used
both alone or as a composite to further improve its properties [61], [145]-[150].
PCL is a semi-crystalline polyester, that is widely biocompatible, cheap and easy
to work with. It can biodegrade naturally through hydrolysis under physiological
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conditions over a longer period of 2-3 years, making it an excellent option for
bone tissue engineering as it would provide a solid base to stabilise the defect,
whilst slowly integrating and degrading as the bone naturally reintegrates and

remodels into mature bone.

PCL is, however, very hydrophobic, causing poor cellular attachment on pure,
untreated PCL. Various studies have used composites of PCL with more
bioactive materials such as chitosan, gelatin and polylactic acid to promote cell
attachment and osteogenic activity, whilst still maintaining the desirable

mechanical properties of PCL [148], [150], [151].

Furthermore, PCL is modifiable with acrylates and methacrylate, to produce
photocurable polymers, giving potential for their uses in 3D printing. Elomaa et
al showed them to be non-cytotoxic, and they have since been used in various 3D
printing applications, including bone-tissue engineering, peripheral nerve
conduits and small intestine villi [147], [152]-[155]. With the use of star-shaped
PCLs such as PCL-triol, it is possible to carefully control the degree of
methacrylation by altering the reaction time with methyl anhydride (Figure 1-
6) [156]. With longer reaction times, the PCL would be either fully methacrylated,
with all arms functionalised with a methacrylate group, or partially
methacrylated, with only one or 2 arms containing a methacrylate group [156].
By controlling the methacrylation, further control of mechanical and
degradation properties can be achieved, with increased methacrylation
corresponding to an increased cross-linking density achievable, making them a

desirable material with a wide range of applications.
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Figure 1-6: Functionalisation of a 3-arm PCL (a) with methyl anhydride, forming 3-arm PCL
methacrylate. The resulting product can either be fully methacyrlated (bi) or partially
methacyrlated (bii, biii). Image taken from Field et al[157] under the terms of the Creative
Commons Attribution License (CC BY).

1.6.3 GelMA

Gelatin methacrylate (GelMA) is a commonly used photocurable hydrogel,
popular due to its biocompatibility, cost, and ease of synthesis. GelMA is derived
from gelatin, providing it with the arginine-glycine-aspartic acid (RGD) binding
motifs which subsequently accommodate cell attachment, and has been used
within many applications within the biomedical field, including tendon, blood

vessels and injectable drug delivery [158]-[162].

GelMA is produced by the reaction of gelatin with methacrylic anhydride. This
results in the amino groups presenting on the side chains of gelatin being
replaced by methacrylate groups, forming gelMA. With the addition of a water-

soluble photoinitiator, commonly lithium phenyl-2,4,6-
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trimethylbenzoylphosphinate (LAP), it can then be cured under UV light,

allowing the formation of cross-links.

GelMA, however, is extremely mechanically weak. Although the compressive
strength varies depending on multiple aspects, such as %Wt, degree of
methacrylation and source of gelatin precursor, it is generally seen to be below
100kPa [163], [164]. This is remarkably weaker when compared to the mechanical
properties of trabecular bone, which again varies tremendously depending on a
multitude of factors, but generally has a compressive strength that sits in the

range of megapascals [97], [165].

Within GelMA, cells will generally adopt a circular confirmation, as opposed to
spreading, and subsequently affects cell interconnection, cross-talk and cellular
behaviours. It is therefore desirable to produce a hydrogel that also contains an
interconnected porosity that allows space for cell interconnection (Figure 1-7).
One way of producing this was shown by Ying et al, whereby aqueous solutions of
poly(ethylene glycol) and gelMA, two hydrophilic biomaterials, are mixed,
resulting in an aqueous two-phase suspension that can be photocured into a
porous scaffold [166]. These scaffolds showed to be favourable over traditional
non-porous gelMA, with increased cell viability, spreading and forming an

interconnected network.

Pure GelMA, despite its excellent biocompatibility, low mechanical strength,
short degradation time, and high swelling rate, significantly restrict its
applications within bone tissue engineering. However, it has been used in
conjunction with other materials as a composite. For example, GelMA/PEGDA
hydrogels were used by Wang et al and were shown to allow for high viability and

proliferation of the pre-osteoblast cell line MC3T3-El, whilst also having
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increased mechanical properties, with a compressive strength of 70.6kPa, 6-times

that of pure 10%wt GelMA [167].
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Figure 1-7: Cells encapsulated in pure GelMA hydrogels can be seen to adopt a rounded
conformation. With the addition of a soluble, low MW PEO, a pororus hydrogel may be
created. PEO may be washed out, leaving pores that may allow for the spreading of cells.
Created using BioRender

Other composites materials used include gold nanoparticles, seen to promote the
differentiation and production of ALP in human adipose-derived stem cells, and
nano-silicates, which are also seen to increase the mechanical properties 4-fold,
as well as also promoting ALP production and mineralisation in MCT3TC-E1

cells [168], [169].

1.6.4 Alginate

Alginate is another commonly used material for the development of hydrogels. It
is a biodegradable and biocompatible polysaccharide and can be naturally
derived from seaweed. However, unlike gelatin, alginate lacks cellular adhesion
sites, limiting its uses for cell culture. It is, however, still very popular in 3D

printing applications. It is easily crosslinked ionically by calcium ions, as well as
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strontium and barium, bypassing the need for functionalisation or the use of

toxic chemical cross-linking components such as photo-initiators.

You et al. produced alginate scaffolds with various levels of porosity varying the
contact angle between strands whilst using sequential strand deposition [170].
This methodology usually uses automatic dispensing systems and sometimes
tends towards pneumatic dispensing mechanisms (also known as bio plotters)
that deposit strand-like materials on a surface and are useful for 2D and 3D
scaffolds, in a process similar to fused filament fabrication. Researchers found
that a 2 %w/v sodium alginate-based hydrogel with a polyethyleneimine
crosslinker was optimal for maintaining the structure. Optimisation of the
calcium ion concentration (used as the crosslinker) produced a mechanically

stable, porous scaffold with controlled degradation rates.

To overcome the issues of poor cellular adhesion, alginate has been introduced
into gelMA hydrogels to provide a more suitable environment for the attachment
and growth of cells. With the combination of alginate and gelMA, it is possible to
increase and tune the mechanical properties of the material when the hydrogel
is crosslinked both chemically and ionically [171]-[173]. Furthermore, with the
addition of alginate to gelMA, it is able to dramatically increase the viscosity and

therefore increase its printability compared to that of pure gelMA.

1.7 In Vatro Modelling of Bone- Methods

When developing an i vitro model with applications of drug testing, modelling
the mature bone may have additional benefits to simply healing woven bone.
Although a model of woven bone would also be highly beneficial for the

examination of potential drugs and their effects on bone healing, it is also
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important to examine the effects on organised and healthy bone. Furthermore,
drug diffusion profiles may occur differently through the mature bone, with
more organised collagen and mineral than that of disorganised bone[14]. Certain
drugs may also be seen to interact with the addition of mechanical loading, for
example, recombinant parathyroid hormone treatment and loading have been
seen to have synergistic effects on increasing density within the cortical bone,

but with little effect on the trabecular bone [13].

Not only do cortical, trabecular and woven bone have significant structural
differences, but there have also been observed different gene expressions
between cortical and woven bone. McKenzie et al applied lhr of loading on
woven and cortical bone and were able to identify 395 genes that were
differentially expressed, and after 3 days this increased to 5974 genes [174]. A
large portion of these genes were those related to inflammation and wound

healing pathways.

Although woven bone models should theoretically begin to reorganise
themselves into structures resembling mature bone, this would be a lengthy
process that would likely take several months to mature [18]. In vitro cell culture
of this length would not only be difficult but would also be expensive and time-
consuming, making an inappropriate method for the development of an wn vitro
model of organised bone. Therefore, it is of interest to create a scaffold that may
assist with the production of a more organised bone and bypasses the woven

bone stage.

This section discusses the current materials and methods used for the

development of bone scaffolds and models.
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171 PolyHIPEs

Production of high internal phase emulsion polymers (PolyHIPEs) is an
increasingly popular method of producing highly porous scaffolds. Formed via
emulsion templating, polyHIPEs are produced by the mixing of two immiscible
liquids (an “oil phase” and a “water phase”) to form an “oil-in-water” solution. The
oil phase, which is also known as the continuous phase, is then polymerised and
emulsion drops are removed to form a highly porous material. If this porosity is
over 74% then it is considered a HIPE. PolyHIPEs are formed of pores and
windows, with windows being the connecting channels between the pores,

allowing for interconnectivity of the material.

Emulsions are thermodynamically unstable systems and will tend towards
separation. The stability of the system can be tuned, however, through control of
the specific components. With an increase in the viscosity of the continuous
phase, there is a general increase in stability. However, a viscosity too high
would prevent efficient mixing of the two phases, resulting in poor dispersion.
Increased stability may also occur with the addition of a surfactant, an
amphiphilic molecule that can sit at the interface between the aqueous and oil

phase.

PolyHIPEs may be finely tuned to gain specific levels of porosity, pore sizes, and
interconnectivity, and have been explored for their uses as a potential bone
construct [145], [175]. These, however, still possess only a single-scale porosity as
discussed in the previous report, and would not possess larger pore sizes that
would be necessary for blood vessel infiltration, which requires a porosity of at
least around 300pm [176]. Subsequently, the use of 3D printing methods has been
used to produce HIPEs with a multiscale porosity [147], [176], [177]. For example,
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Dikici et al. proposed a method of 3D printing PCL polyHIPEs and were able to
form a scaffold with a multiscale porosity architecture that allowed for the
successful infiltration of the bone cell line MLO-A5, and subsequent successful

matrix production and induction of angiogenic activity [147].
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Figure 1-8: An osteogenesis-on-a-chip model, using negative replica moulding and polyHIPEs
to produce a microfluidic chip with both micro- and macro-porosity, mimicking the
multiscale porosity observed in trabecular bone. A, B, C) Fluid channels can be observed,
with hexagonal struts. D, E) Interconnected micropores with a 5-30pm diameter F)
Distribution of the pores. Image from Bahmaee et al under the terms of the Creative
Commons Attribution License (CC BY).

Bahmaee et al used a polyHIPEs approach to create an “Osteogenesis-on-a-chip”
device and used negative replica modelling to produce a construct that showed

microporosity within the HIPE of 5-30pM, and larger channels for fluid flow of
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around 310-430pM (Figure 8) [177]. It has also been shown that there is the
possibility for cells to spread with long processes similar to osteocytes, when

cultured within interconnected polyHIPEs [178].

Producing polyHIPEs does, however, requires the use of photocurable materials,
and subsequently the use of initiators, monomers or cross-linkers used to
solidify the emulsions. This consequently may result in a reduction in cell
viability or the need for additional steps to remove the toxic components. An
alternate method that bypasses the use of photocuring is to create Pickering

emulsions.

1.7.2  Pickering Emulsions

Pickering emulsions are colloidal suspensions that are formed through the use of
solid particles in place of surfactants. These particles sit at the water-oil
interface, allowing for protection against coalescence and effectively stabilising
the emulsion. The stabilising particle may also be chosen with beneficial
properties for its use- for example, the use of HAp has been used within
Pickering emulsions, which are known to help with osteoinduction within the
use of bone scaffolds [179]. Different particles have also been proved to stabilise
Pickering emulsions such as starch, and micro- and nano-silica [179]-[182]. The
stability of Pickering emulsion is predominantly influenced by the surface
wettability of the particles, however, particle size, shape and concentration also
contribute to the emulsion behaviours. The use of hydrophobic particles will
have a greater affinity to the oil phase, and consequently are better for the
stabilising of W/O emulsions, whilst hydrophilic will generally stabilise O/W.
Pickering emulsions have a wide range of uses within many industries, including
food, cosmetics, drug delivery and the development of porous materials.
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Si0; is a popular stabilising particle for Pickering HIPEs, due to its
biocompatibility and ability to be modified, and therefore is extremely useful
within drug delivery. The Stober process is a widely used chemical process that is
used to prepare silica (Si02) particles [183]. The method uses a sol-gel process,
whereby a molecular precursor such as tetraethyl orthosilicate (TEOS) is first
reacted with water in an alcoholic solution. The resulting molecules then join
together to build larger structures, producing silica particles with diameters
ranging from 50 to 2000 nm. The Stéber method produces a hydrophilic SiO,, so
the further reaction is then required to modify the particles. Surface
modification with silanes is a popular method, which occurs via a hydrolysis and
condensation reaction, which act as the nucleation and growth mechanisms

throughout the reaction [183]-[185]

A method was developed by Hu et al, in which a multiscale porous scaffold was
able to be printed, using PCL, hydrophobically modified HAp and
hydrophobically modified SiO2 (m-Si02) [179]. The method used a highly viscous
emulsion to allow for its printing, before being left for 24 hours in order for the
solvent to begin to evaporate. Another study used m-Si02 and PCL to create
emulsions for electrospinning and found that they were able to enhance the
tensile strength of the resulting scaffolds compared to pure PCL [180]. These
scaffolds, however, lack interconnects between the micropores. The lack of
interconnectivity may be due to the absence of surfactant within the emulsions.
The surfactant's main role within photocurable polyHIPEs is to reduce the
interfacial tension of the emulsion and plays a part in the interconnectivity of a
HIPE. By increasing the surfactant within a photocurable polyHIPE, it is
generally seen that smaller pores with a larger number of interconnects are
formed [185].

44



Emulsions are commonly produced with the use of solvents and surfactants. The
surfactant is required to reduce the surface tension of an emulsion and allows
for the subsequent stabilization of the system and prevents the separation of the
phases into two distinct layers. Furthermore, when a highly viscous, or solid oil
phase is required, solvents are often used to allow for efficient mixing of the two
phases. However, solvents and surfactants are largely cytotoxic. In order to use
the scaffolds, post-processing steps such as lengthy washing and Soxhlet
extraction are required to remove these toxic components. This not only may
reduce cell viability post-seeding if improper washing is carried out but also
would be incompatible with direct cell printing. When seeded post-production,
scaffolds are limited by the cell's ability to infiltrate deep into the centre of the
scaffolds. Methods such as perfusion, rocking and conditioning may increase the
depth in which cells penetrate, however, cell infiltration is largely dictated by
the bulk size of the scaffold, and often results in a non-homogeneous distribution

throughout the construct.

To make an emulsion that is viable for direct cell printing, both surfactant and

solvent need to be eliminated.

Solvents are also not essential for the formation of an emulsion, and in fact, the
use of a more viscous pre-polymer solution may assist in the stability of the
emulsion. Despite this, the viscosity must still be controlled to allow for the
efficient mixing of the two phases. One method for this is to also increase the

viscosity of the water phase.
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1.7.3 Electrospinning

Electrospinning is an extrusion-based method for the fabrication of nanofibers
from polymers. It is a method widely used within tissue engineering for the
development of scaffolds. The technique is achieved by extruding a polymeric
solution out of a needle at high voltage to form a charged jet of the polymer that
solidifies as the solvent evaporates off. This is then collected on a grounded,

rotating collector drum.
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Figure 1-9: Schematic of the electrospinning process. A syringe pump is used to slowly extrude
polymer from a blunt tip needle, connected to a positive high voltage generator (P-HVG). This is then
drawn towards a grownded collection drum, with a controllable rotary speed between 200-2000
rotations per minute.

Electrospinning has gained attention in recent years, due to the ability to fine-
tune the process to produce fibres with a tuneable diameter and degree of

alignment. Furthermore, these fibres possess a large surface area, supporting cell
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attachment and growth, as well as directing cell preferential alignment along the

axis of the fibre.

The use of electrospun fibres have been shown to be effective as a scaffold for the
formation of bone, as well as facilitating the differentiation of stem cells into an
osteogenic lineage [37], [148], [150], [151], [186], [187]. Commonly used for bone
scaffold fabrication is PCL, due to it being biocompatible, biodegradable and
having both tailorable structural and mechanical properties [188]. Furthermore,
it has favourable rheological and viscoelastic properties, which allow for ease of

spinning.

Most studies of electrospun fibres use randomly orientated fibrous mats,
however, a few studies have begun to investigate the effects of highly aligned
fibres on the regeneration of bone [59], [187], [189]. For example, the use of
parallel composite nanofibers formed of a composite of HAp and tussah silk to
imitate collagen fibrils in natural bone was able to elicit cell adhesion,
proliferation, and bone formation more effectively than pure silk or coverslip

[187].

1.8 3D Printing

3D printing, often known also as additive manufacturing, solid-freeform
technology, or rapid prototyping, is a technology widespread across many
industrial and engineering fields. Within the last 10 years, there has been a huge
increase in interest in its uses within bioengineering and regenerative medicine.
Of particular interest to this review is its capabilities of printing with “bio-inks”,
where viable cells are encapsulated within printing materials which may allow

for the printing of more complex and accurate architectures than other 3D
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fabrication methods commonly used in the field, such as foaming and salt
leaching [190]. Bio-inks are not without their issues, however, due to a large
number of parameters such as temperature, extrusion time and velocity, and
nozzle shear stresses being seen to affect the viabilities of the encapsulated cells
[191]-[194]. Furthermore, the inclusion of cells within materials already
optimised for printing has been seen to have effects on the rheological
behaviours of the inks and hence altering optimal printing parameters [195].
Billiet et al demonstrated the possibility of printing cell-laden gelatin
methacrylamide hydrogels whilst still maintaining a mechanically stable
scaffold. An increased concentration of polymer allowed for faster physical
gelation and more circular geometry of strands, resulting in a mechanically
stable structure without the collapsing of pores[193]. Furthermore, >97% of cell
viability could be achieved through the careful control of machine operating
parameters such as temperature and needle tip alterations, without the need for

viscosity-increasing additives.

1.9 Culture conditions

1.9.1 Cell Choice

Another important consideration within the development of an n vitro model is
the choice of cell source. For bone models, there are a few different cell choices
to consider, and many different sources have been used throughout the
literature discussed above, and various common cell types have been

summarised below in table 4.

There are various cell lines commonly used. MG63, SOAS-A2 and M3T3C-El are all

considered osteoblast cell types at varying degrees of maturity [196]. There are
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fewer osteocyte cell lines but MLO-Y4 is commonly used, while MLO-A5 is
considered a pre-osteocyte in the early stages of differentiation [197]. The use of
cell lines benefits from generally faster proliferation, longer life span in culture
and stability across a wide variation of passages. Furthermore, they are generally
considered reproducible and are widely used in the literature [61], [68], [148],
[198]-[201]. However, many of these are seen to have dysregulated functions
when compared directly to that of osteoblasts, such as differently expressing
genes. Although these cell lines are beneficial for various applications, such as
assessing adhesion, toxicity or bio functionality of new materials, they would be
unlikely to mimic the functional behaviours of the n vivo tissues, and would not

be beneficial in wn vitro models for use of drug testing.

Primary osteoblasts from donors may be an option, however, these bring issues
with their limited wn vitro proliferation capacity, as well as dedifferentiation

within prolonged culture, ultimately losing their phenotype.

Alternatively to the use of differentiated primary cells are MSCs. Bone marrow-
derived mesenchymal stromal cells (BMSCs) are a source of MSCs and are a
common choice of cell within osteochondral engineering, due to their potential
for differentiation along both osteogenic and chondrogenic pathways. However,
being formed of heterogeneous populations, there is a lot of variability within
the population in potency, with tri-lineage (Adipogenic, chondrogenic and
osteogenic), restricted lineage and precursor cells within a single sample,
resulting in significant variation in differentiation capacity and behaviour wn
vitro[202]. Furthermore, it is seen with increasing passage comes a sequential
loss of differentiation capacity, or a loss in the inherent “stem-ness” of the cell, as

well as high donor-donor variability.
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To address some of these issues, there is a potential to immortalise a population
with human telomerase reverse transcriptase (hTERT), which overcomes
lifespan limitations caused by normal senescence of the telomere. James et al.
used this alongside clonal selection to create homogenous cell subpopulations
showing a series of different differentiation traits [203]. The specific cell line h-
TERT Y201 was found to be tri-Lineage, with the capacity for differentiation into
adipogenic, osteogenic and chondrogenic lines, without undergoing replication
senescence [203]. This, in turn, allows for a single cell source with a reliant

ability to form both lineages necessary for osteochondral repair.

Table 4: Descriptions of various common model cells for in vitro bone models and their pro’s
and con’s.

Cell Primary/ | Species Pro’s Con’s

Name Cell Line

MG63 Cell line Human Easy and fast growing | Derived from an
Human-derived osteosarcoma, potentially
Reproducible over a giving it dysregulated
wide range of functions compared to
passages that of healthy osteoblasts
Beneficial in adhesion | Shows minimal markers
studies of osteoblastic activity

MLO-A5 Cell line Murine High expansion Non-human
capacity Mineral is secreted in
Express late- sheets, as opposed to
osteoblast markers discreet nodules seen in
Reproducible primary osteoblasts
outcomes
Produces high
amounts of collagen
Spontaneously
mineralises in culture

MLO-Y4 Cell line Murine Osteocyte cell line Does not express various
Produces large genes commonly
amounts of osteocalcin | expressed in healthy
and low levels of ALP osteocytes
Widely used in Non-human
mechanotransduction
studies
Proliferates in culture

Primary | Primary | Various | Can be further Lengthy process of

osteobla differentiated into isolation

Sts osteocytes
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Will closely Slow doubling times
resemble the
behaviours of in vivo | Low number of usable
bone cells compared | passages
to cell lines
Donor-donor
differences
Need for bone biopsies
Primary | Primary | Various The process for
osteocyt isolating osteocytes has
es an added difficulty due
to their location within
the lacunae
Terminally
differentiated so will not
proliferate in culture
Bone Primary | Various | Can be differentiated | Low number of usable
Marrow into osteoblasts and | passages
Derived osteocytes
MSC’s Painful collection from
bone marrow with risk
of donor site morbidity
MC3T3- | Cellline | Murine Expresses pre- Non-human
El osteoblast markers-
can be differentiated
into osteoblasts.
Deposits collagen
and mineral in
nodules
SAQS-2 Positive for many Osteosarcoma cell line
osteoblastic
markers[196]

1.9.2 Flow systems

As the size and complexity of a scaffold’s architecture increase, so does the need
for more efficient nutrients and waste transport. Without sufficient circulation

of media throughout the scaffold there is generally poor differentiation and
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matrix formation within the centre of the scaffold, as well as a risk of the

formation of a necrotic core.

Furthermore, matrix deposition of bone is highly dependent on mechanosensing
stimulation as discussed in section 1.4, and an imbalance in these mechanical
properties is seen to have pathological consequences [94]. It is known that the
application of flow in both 2D and 3D culture can increase differentiation into an
osteogenic lineage, as well as enhanced deposition of an extracellular matrix,
and a greater level of organisation, with collagen fibres generally seen to be

deposited along the axis of flow[72], [177], [204]-[206].

The use of a perfusion system that can circulate media throughout a scaffold
could hold great benefit over static culture, with the potential to benefit both
nutrient and waste transport, as well as an increase in overall differentiation and
matrix production. There are several different perfusion reactors available on
the market, such as the Quasi Vivo® wn vitro bioreactor that allows dynamic

media flow through 3 separate chambers.

With a perfusion system, oscillatory flow can be applied or continuous
perfusion. The use of oscillatory flow may be seen to be more physiologically
relevant, due to the oscillatory nature of interstitial fluid flow within bone.
Alternatively, continuous fluid flow in various vn vitro studies has been shown to

be a more potent stimulator of bone-matrix deposition.

Rocker plates are often chosen due to their simplicity, whilst allowing for
oscillatory fluid flow. Rockers can be used with standard cell culture dishes and
depending on size can be used to apply FSS to many plates simultaneously,

making them an excellent choice for high-throughput work. Furthermore, as
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they only need small amounts of media, it makes them more cost-effective
compared to other flow devices that require large reservoirs of media. However,
when using a rocker, there is generally a much lower FSS experienced by cells
when compared to other methods of shear stress application. It is possible to
calculate these shear stresses, but it is also noted that the shear experienced
across the surface of the scaffolds is not evenly distributed, with higher shear

occurring at the edges of the wells compared to that in the centre[207].

Despite this, low-magnitude FSS has still been shown to be beneficial for certain
applications and has been shown to promote differentiation into an osteogenic-

like cell type, as well as also guiding collagen orientation [71], [208]-[211].

1.9.3 Chemically defined media

A final important consideration within the design and implementation of wn
vitro models is the choice of culture media. The use of foetal bovine serum (FBS)
is common practice within cell culture. Introduced in the 1950s, it is extracted
from the blood from a bovine foetus and used to supplement culture medium at a
concentration of generally 5-15%, so to stimulate the growth of cells and tissues.
FBS is a natural cocktail containing most of the factors required for cell
attachment, growth, and proliferation, such as hormones, vitamins, transport
proteins and trace elements [212]. Despite its prevalence still in modern-day cell

culture, its use entails a number of scientific, ethical and practical issues.

FBS, as a by-product of the beef industry, is subject to a large batch-to-batch
variation and unpredictability in supply, as well as having an unknown exact
composition [212]. This variability then translates to uncertainty and lack of

repeatability when it comes to experimental cell culture. Furthermore,
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collection of FBS occurs through a cardiac puncture of the unborn foetus,
without any form of anaesthesia, bringing about ethical concerns of foetal

distress, pain and suffering that may occur as a result [213].

In light of the issues faced with the use of FBS, there are several alternatives to
its use, such as serum-free medium, protein-free medium, xeno-free medium and
chemically defined medium. There are currently no universally accepted
definitions which add to some confusion, with different manufacturers using a

variety of terms.

Xeno-free or serum-free media are generally defined as media that are not
supplemented with animal-derived plasma. They may, however, still contain
purified human proteins, sometimes referred to as semi-defined medium. Whilst
it removes a large potential cause of variability, there is still a potential for

minor batch-to-batch variability [214].

Chemically defined medium consists of mixtures of characterized and
quantitated ingredients and is completely free of any animal-derived or
unknown components, using recombinant proteins and synthetic peptides
alternatively. The well-characterised nature of chemically defined media allows
for reproducibility and reliability of performance in cell culture, as well as the
elimination of factors found in serum that may interfere with hormones or
growth factors when studying their interaction with cells [215]. A key hurdle to
many serum-free and chemically defined media is that their highly specific
formulas often mean they are not effective across many different cell lines and
protocols, meaning significant optimisation is often required with their use
[214]. Furthermore, the specifics of their formulas and data often are not

published by the companies who develop them.

54



55



2 Aims and objectives

2.1 Summary of review

Bone is a dynamic and intricate tissue, with a highly specialised structure that is
essential for its function. Although there has been extensive work in replicating
the porous structure of trabecular bone, there are very few attempts to replicate
the highly organised collagen observed in cortical bone. Furthermore, there is a
limited understanding of how the lamellar organisation is controlled. A
comprehensive understanding of these regulatory pathways could potentially
unveil novel avenues for therapeutic interventions targeting conditions
characterized by dysregulated matrix production, such as Osteogenesis

Imperfecta (OI) and Osteoarthritis (OAsuch as OI and OA.

Reducing the complexity of bone tissue to a single-scale, porous material within
in vitro models can be considered an oversimplified approach. This
oversimplification tends to mimic the behaviour of immature or healing woven
bone rather than the nuanced and intricate responses exhibited by mature bone
tissue. Notably, woven bone, in contrast to its mature counterpart, displays
distinct characteristics, including a heightened expression of genes associated
with inflammation and angiogenesis. Consequently, it is reasonable to expect
that in vitro models employing these simplified single-scale porous materials
may yield responses that deviate from those observed in the context of mature

bone.
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Furthermore, the collagen deposition behaviour of bone is highly dependent on
its mechanoregulatory properties, which are seen to be affected by cellular
morphology through various mechanosensitive pathways. As cells are seen to
adopt different conformations depending on the materials on which they are
cultured on, it may be assumed that to mimic mature bone, the scaffold in
question should allow the cells to achieve a conformation of mature osteoblasts,

that is, aligned and elongated.

The development of an in vitro model that more precisely replicates the
properties of mature bone offers a multitude of advantages. Such a model would
not only serve as a valuable tool for investigating the effects of various
pharmaceutical agents on bone health and function but also enhance our
understanding of the fundamental processes underlying healthy bone
development. The potential implications of such a model extend beyond drug
testing, encompassing a broader spectrum of research in the field of bone biology

and pathology.

2.2 Aims

This thesis aims to develop two separate scaffolds that can be used for the
culture of cortical and trabecular bone-like micro-tissues, for future application

in n vitro models.

The first aim was to try and create a material that induces the production of an
organised ECM and gene expression that more closely resembles that of a
mature, cortical bone, over a material that rapidly produces a disorganised
matrix, which is commonly chosen for bone scaffolds for clinical applications. It

is hypothesised that materials that allow for cellular conformation that more
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closely resembles that of cells in mature bone, should result in a better-organised

bone matrix.

The second aim of this thesis was to investigate materials for the development of
multiscale porous scaffolds for trabecular bone models, which would allow
greater infiltration into pores, and resemble more closely the cellular
distribution seen in trabecular bone tissue. It aimed to use the method of
emulsion templating, but to simplify the protocol, to require less downstream

processing in order for it to be non-cytotoxic.

2.3 Objectives

To achieve the above aims, the project was divided into the following objectives:

1. Development of a highly aligned, fibrous scaffold for mimicking aligned
collagen in mature bone

2. Assess the subsequent matrix and specifically the organisation of the
deposited collagen.

3. Development of a porous and multi-scaled scaffold for mimicking

trabecular bone
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3 Materials and Methods

All materials and reagents were purchased from Sigma-Aldrich (UK) unless

otherwise stated.

3.1 General Cell Culture

3.1.1 Culture media preparation

The xeno-free media (XFM), StemMACS™ MSC Expansion Media Kit XF (Miltenyi
Biotech, UK) was used in all experiments. Media was supplemented with
StemMACS™ MSC Expansion Supplement (Miltenyi Biotech, UK), 100 pg/mL
penicillin and 100 pg/mL streptomycin. XFM was used throughout unless stated

otherwise.

The differentiation media is XFM supplemented with additives to promote
differentiation down an osteogenic lineage. These additives are 0.5M -glycerol
phosphate (8-GP), 5mg/ml ascorbic acid 2-phosphate solution (AA2P) and 10pM
dexamethasone solution (Dex). Media containing these additives will be referred

to as osteogenic media (OM)
3.1.2 Passaging and counting

Media was removed and cells were washed twice with PBS. 1.5ml of Trypsin-EDTA
was added and then incubated for 5 minutes before being deactivated with 5ml of
XFM. Cells were transferred to a microcentrifuge and spun at 3000 RCF for 5
minutes. The supernatant was discarded, and cells were resuspended in a known

volume of XFM. For cell counting, 20ul of cell suspension and 20 pl of Trypan
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blue were combined into an Eppendorf tube before adding 10 pl to a

haemocytometer.

3.1.3 Freezing

Alternative xeno-free freezing mediums were assessed (Appendix 1), however,
showed to be sub-optimal compared to FBS. Therefore, future work will involve

assessing further alternatives, to fully remove the reliance on FBS.

Cells were first allowed to reach 80% confluency and the protocol for passaging
was followed to the point of counting. Cells were then centrifuged at 3000RCF
for 5 minutes. The supernatant was discarded and cells were resuspended at a
density of 1x10° cells/mL in a solution of foetal bovine serum (FBS) and dimethyl
sulphoxide (DMSO) at a ratio of 1:10 respectively. Cells were transferred to a Mr
Frosty™ Freezing Container and placed at -80°C for 24 hours, before being

transferred to -196°C for long-term storage.

3.1.4 Cell Digestion

To produce lysates for ALP activity and DNA assays, cells were digested. For 2D
samples, media was removed and the cells were washed twice in PBS. 300pl of
cell digestion buffer (CDB) (10 vol% CAB (1.5 M Tris-HCL, 1 mM ZnCI2, 1 mM
MgCl2 in diH20) in diH20 with 1 vol% Triton-X100) was added to the well and
incubated for 30 minutes. Wells were then scraped, and the lysates were
transferred to 1.5 mL tubes. Lysates were vortexed briefly and refrigerated

overnight.

For scaffolds, media was removed, and the scaffolds were washed twice with PBS.

400pl of CDB was added to each well and incubated for 30 minutes. Scaffolds and
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CDB were then transferred to a 1.5 mL tube and refrigerated overnight. After

refrigeration, lysates were stored at -80°C until their use.

For use in assays, lysates underwent a freeze-thaw cycle (-80°C 10 mins, 37°C 15
mins) three times with vortexing for 15 seconds at the end of each cycle. Samples

were then centrifuged at 10,000 rpm for 5 minutes.

3.1.5 Resazurin Reduction Assay

As a marker of cell metabolic activity, resazurin assays were carried out.
Resazurin assays are based on the reduction of the oxidized blue dye to a pink
fluorescent resorufin product within the mitochondria of living cells. The
medium was removed, and cells were washed twice using PBS. 1ml of the
resazurin solution (90% Hanks Balanced Salt Solution (HBSS), 10% resazurin
reagent) was placed in each well incubated away from light at 37°C for 1 hour. 100
pl of each sample was added in triplicate to a 92-well plate before being read at
Lex 540 nm, iem 590 nm on a Tecan infinite 200-pro fluorescent microplate

reader.

3.1.6 DNA quantification

Total DNA was measured using a fluorescent Quant-iT dsDNA high-sensitivity
assay kit (Invitrogen, UK). The Quant-iT DNA Assay reagent was diluted 1:200 in
the Quant-iT DNA Assay Buffer. 90pl of the working solution was added to a
black 96-well plate and 10l cell lysate was then also added. The 96-well plate was
then added to a fluorescent microplate reader (Tecan infinite 200-pro) and was
gently shaken for 10 seconds to fully mix lysate and reagent. It was then left for

10 minutes to allow the dsDNA and assay reagent to fully conjugate. After a

61



further 10 seconds of shaking, the plate was read at Aex485 nm and Aem 520.

Total DNA was converted to ng DNA/ sample from a standard curve.

317 Cell Fixing

Cells were fixed in a 3.7 % formaldehyde solution (FA). Cells were washed twice
with PBS before being submerged in 300 pl of FA for 20 minutes in 2D and 30
minutes in 3D. FA was then removed and cells were washed once more with PBS.

Cells were then stored in PBS at 4 °C for up to 1 month.

3.1.8 Scanning electron microscopy

Electrospun samples were mounted onto a stub and placed directly into the
chamber of a Hitachi TM3030 Plus tabletop scanning electron microscope (SEM).

Samples were imaged with a 15kV acceleration.

3.1.9 Fluorescent microscopy

To image cellular orientation and morphology, staining with 4’, 6-diamidino-2-
phenylindole dihydrochloride (DAPI) and Alexa Fluor™ 488 Phalloidin
(Phalloidin) was performed to stain the nucleus and actin respectively. PBS was
removed from previously fixed samples and samples were submerged in 0.1
vol/vol% Triton X-100 for 10 min to permeabilise the cells. The samples were
washed twice with PBS. DAPI (1 pg/mL in PBS) was applied for 15 min at room
temperature before being removed and washed twice with PBS. Finally,
phalloidin (10pg/mL in PBS) was added for 30 minutes at room temperature.
Once stained samples were imaged using either an Olympus IX73 Inverted
fluorescent microscope (Olympus, Japan) or a Zeiss LSM510 Meta confocal

microscope (Carl Zeiss AG, Germany).
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3.2 Electrospun scaffold cell culture assessment

3.2.1 Sirius Red Staining

Cells were washed twice and then fixed with 3.2 % formaldehyde for 1 h. They
were then stained with 1 %(w/v) solution of Sirius Red to saturated picric acid
solution for 30 min at room temperature. After removing the Sirius Red solution
by aspiration, the cells were rinsed with dH>O and were then de-stained for 15
minutes with 0.2M NaOH: Methanol at RT on an orbital rocker. The resulting
solutions were then placed in triplicate in a 96-well plate and measured for

absorbance (Tecan infinite 200-pro) at a wavelength of 405nm.
3.2.2 Direct Red 80

Cells were washed twice and then fixed with formaldehyde for 1 h. They were
then stained with 40 mM Alizarin Red S in deionized water (pH = 4.1) for 30 min
at room temperature. After removing the Alizarin Red S solution by aspiration,
the cells were rinsed with deionised H>O and subsequently de-stained with 5 %
(w/v) in perchloric acid for 15 minutes at RT on an orbital rocker. The resulting
solutions were then transferred to a 96-well plate for analysis on a plate reader

(Tecan infinite 200-pro) at an absorbance wavelength of 405 nm.
3.2.3 Second Harmonic Generation Imaging

Samples were fixed as described in 3.1.7. Deposited collagen fibres from fixed
cultured cells were visualised from second harmonic generation (SHG) images
obtained using a Zeiss Axioskop 2 FS MOT upright laser-scanning confocal
microscope equipped with a tuneable (700- 1060 nm) Chameleon Ti: sapphire

multiphoton laser. SHG emission was collected in the backwards scattering
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direction filtered through a primary dichroic (HFT KP650) before entering a
descanned LSM 510 Meta detector capable of collecting emissions in narrow 10
nm bandpass filters. All experiments were performed using an excitation
wavelength of 940 nm for the imaging of collagen, and 800nm for the imaging of
PCL fibres. SHG emissions should be present in the collection window at half the
wavelength of the excitation source, so the 10 nm bandpass filter was centred
around Aem 474nm and iem 400 nm for Aex 940 nm and Aex 800 nm
respectively. The wavelength used for this work was taken from a previously
optimised protocol [85]. For all imaging, a 40x 1.3 NA (numerical aperture) oil
immersion objective was used. The pinhole was set to maximum at all times and
for each set of experiments, conditions were optimised and kept constant in
terms of excitation power, detector gain, and scan speeds. Five images per
sample were taken on areas chosen at random. Conditions were kept constant

for each experimental time point.

3.2.4 Collagen orientation analysis

Images obtained using SHG were subsequently analysed using the open-access
imaging software, Fiji[216]. Before analysis, z-stacks were segmented into 5 pm
sub-stacks, each made up of 5 separate 1 pm images. These images were converted
into a single image using Z-projection, and each 5pm sub stack was then analysed
using the Imaged plug-in “Directionality”, using Local Gradient Orientation. Each
z-stack was also transformed into a single collapsed image for analysis of total
signal intensity, using Fiji's Z-projections function. Signal intensity was
measured using Fiji's Mean Gray Value (MGV) measuring function, using 5

images per sample.
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Figure 3-1: Collagen deposited on top of the polymer scaffolds was assessed using second harmonic
generation. The polymer scaffold was taken as the point of OpM

3.2.5 Nuclear analysis
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Figure 3-2: Workflow for the analysis of nuclear size and morphology using the image
processing software, Imaged. Thresholded images of DAPI-stained nucleus on either aligned
or non-aligned PCL fibres are processed using the “Analyse Particles” tool. At least 400
measurements are taken across 6 separate images for each condition.

Cells were stained with DAPI as described in 2.1.11 and imaged on an inverted
fluorescent microscope (Olympus IX73, Japan). Using the Fiji software, images
were thresholded to form masks of the nuclei (Figure 3-2). Using the tool
“Analyse Particles”, measurements of the nuclear area, perimeter and circularity
could be obtained. The tool was set to only count in the region of 5-25 um, to
exclude merged nuclei or remaining background noise. A minimum of 400
measurements were taken across 6 images for each condition. The resulting data

was then transferred to an Excel document for further analysis.
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3.3 PolyHIPE optimisation

3.31 Nano silica production method one

The first solution was prepared by mixing distilled 2.8 ml of water, 1.5 ml
ammonium hydroxide and 20 ml of ethanol and stirring for 15 min using a
magnetic stirrer. The second solution is also prepared by mixing 1.7 ml of TEOS
and 5 ml of ethanol in a separate glass. The two solutions were mixed when their
temperatures both became 40 degrees and kept at this temperature for 30 min.
In the fifth minute of the reaction, 0.6ml of DDS was added to the solution.
Finally, silica particles were collected by centrifugation at 4000 rpm for 1 h and
then washed with water and ethanol two times. Then the final products were

dried at 100 °C for 1 h.
3.3.2 Nano silica production method two

100 ml of ethanol, with 14 ml of distilled water and 6.4 ml of ammonia, were
stirred for 15 min before adding 9.4 ml of TEOS. After 90 min from the start of the
synthesis, 4.4 ml of DDS was suddenly added into the solution to modify the
particles' surface, and the reaction was continued for 2 h. At the end of the
reaction, the solution was poured into the test tubes and was centrifuged and
washed with ethanol in four consecutive 20 min cycles. Finally, nanoparticles

were dried in the oven for 24 h.
3.3.3 Picking emulsion production

PCL was dissolved in either toluene, chloroform or dichloromethane at a
concentration of 10% (w/v). m-Si02 nanoparticles (HDK H30, Wacker Chemie)

were uniformly dispersed into it with ultrasound for 2 min to obtain the oil
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phase. m-SiO2 particles were added at either 3, 5, 8 or 10 %(w/v) with respect to
the solvent. Water was added dropwise into the oil phase under agitation.
Successful emulsions were placed in a -20 freezer for 24 hours, before being

freeze-dried overnight.
3.3.4 Picking emulsion with surfactant production

PCL was dissolved in chloroform at a concentration of 10 %(w/v). m-SiO2
nanoparticles were uniformly dispersed into it with ultrasound for 2 min to
obtain the oil phase. m-Si02 particles were added at either 3 or 5 %(w/v) with
respect to toluene. Surfactant (Span 80) was then added at either 3, 6 or 9 %(w/v)
with respect to the oil phase. Water was added dropwise into the oil phase under
agitation, up to a maximum of 2mL. Successful emulsions were placed in a -20

freezer for 24 hours, before being freeze-dried overnight.

3.4 Electrospinning Optimisation

3.4.1 Electrospinning PCL

The polymer solution was created by the dissolution of polycaprolactone (PCL)
at Mw of 80 kDa (Sigma Aldrich) in dichloromethane (DCM) at 20 %(w/v). The
polymer solution was placed in a 1 ml syringe and mounted into a syringe pump
which was set to dispense at 4 ml/hr. A blunt needle was connected to the end of
the syringe, with a needle-to-collector distance of 20 cm. To produce the aligned
fibres a voltage of 11.5 kV was used, and the speed of the rotating collector was
kept at 2000 rpm. For the non-aligned condition, a voltage of 11.5 kV was used
and the speed of the rotating collector was 200 rpm. 3ml of the polymer solution

was spun and a flat piece of tinfoil was used to collect PCL fibres. Scaffolds were
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then placed under a vacuum for 24 hours to allow any remaining solvent to

evaporate.
3.4.2 Scaffold surface coating optimisation

Aligned, non-aligned or spin-coated PCL scaffolds were cut to size and fitted into
48-well plate Cell Crown™ trans well inserts (Scaffdex, Finland). The scaffolds in
the CellCrown™ inserts were then submerged in 70% ethanol solution for 2
hours. After ethanol treatment, they were washed 3 times with PBS over 24
hours to remove the residual ethanol within the scaffolds (Figure 3-3). Scaffolds

were allowed to air dry in sterile conditions before surface treatments.
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Figure 3-3: CellCrown™ transwell inserts are used to hold PCL fibres.

To investigate the conditions for optimum attachment of h-TERT Y201 cells on
electrospun fibres, fibres were treated with either fibronectin (Yo proteins,
Sweden) only, plasma treatment only, or fibronectin + plasma treatment. Plasma-
treated condition scaffolds were treated with air plasma on both surfaces of the
PCL fibres with a power of 50 W and a pressure of 0.8 mbar for 60 seconds.
Fibronectin-coated scaffolds were submerged in 200pl of 5pg/mL human

fibronectin solution for 1hr before any excess FN was gently aspirated.

Scaffolds were soaked in 100pl of XFM for 1hr before seeding. H-TERT Y201 cells

were seeded at a density of 10,000 cells per well, using 100pl of cell suspension
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per well. Cells were left to attach for one hour, before the addition of 300 pl of

XFM, to make up a final volume of 500pl.
3.4.3 Mechanical Testing

Rectangular-shaped (lem x 5cm) tensile test samples were cut. Sample thickness
was assessed using scanning electron microscopy (Hitachi TM3030 Plus) as
described in section 3.1.8. Aligned fibres were cut either transversely (fibres
normal to the long axis) or longitudinally (fibres parallel to the long axis).
Samples were tested when wet to represent cell culture conditions. Samples were
tested using MultiTest-dV motorised force tester, Mecmesin, UK, equipped with
10 N load cell for tensile. Both the force and elongation data were recorded. The
ultimate tensile strength (UTS) was determined from the maximum force applied
divided by the cross-sectional area of the sample. Young’s modulus was obtained
using the linear-elastic region of each sample's force-displacement curve.

Ultimate elongation is the elongation at the failure point.

3.5 Media Optimisation

3.5.1 Y201 hTERT-MSCs media investigations

Two different brands of chemically-defined media, StemMACS MSC expansion kit
XF, human (CD1) (Miltenyi Biotech, UK) and Mesenchymal Stem Cell Growth
Medium DXF (Promocell, Germany) (CD2), were compared against DMEM for the

culture and proliferation of the h-TERT Y201 cell line.

h-TERT Y201 MSCs (Passage 78-80) were resuspended in either CD1, CD2 or

DMEM and seeded at 20,000 cells per well in a 24-well plate either coated for 30
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minutes with gelatin or left uncoated. Resazurin was carried out on days 1, 3 and

7.

3.6 Gene expression of h-TERT Y201 cells on electrospun fibres

3.6.1 RNA extraction

RNA extraction was attempted using two kits- RNeasy Mini Kit(Qiagen,
Germany) and Dynabeads™ mRNA DIRECT™ Purification Kit (Invitrogen, USA)
to assess the best method of RNA extraction directly from fibres. RNA extracted
using RNEasy also underwent on-column DNase digestion using the RNase-free
DNase Set (Qiagen, Germany). All kits were used according to the manufacturer's
instructions. RNA content for RNeasy kits was measured using NanoDrop2000,
using 1pl of RNA per sample. RNA was stored in aliquots at -80°C for up to 3

months.
3.6.2 ¢DNA synthesis

cDNA conversion was carried out on the previously extracted RNA using the
Omniscript® Reverse Transcription Kit (Qiagen, Germany) as per manufacturers'
instructions. Oligo(dT)i1s Primer (Invitrogen, USA) and RNase Inhibitor
(Applied Biosytems, USA) were not supplied and purchased separately. Reverse
transcription components were added to a 0.lmL Eppendorf as stated in Error!
Reference source not found., and then incubated at 37°C in an Applied
Biosystems™ Veriti™ Thermal Cycler, 96-Well for 1 hour. The resulting cDNA
was then stored at -20°C. All primers had FAM-MGB as the reporter dye. Probes
were chosen to span an exon junction to minimise the detection of genomic

DNA. Primer IDs are listed in Table 7.
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Experiments were automatically thresholded by the StepOnePlus ™ Real-Time
PCR System software, and results were deemed acceptable if the Ct values were
within 0.5 cycles within their triplicates. Relative-fold changes were analysed

using the 2-AACt method where data is log transformed.

Table 5: Summary of all components required for qPCR. The reaction is carried out in a
MicroAmp™ Fast Optical 96-Well Reaction Plate with a final reaction volume of 20uL

Component Volume per reaction (L)

gPCRBIO Probe Mix Lo-ROX (2X) (PCR | 10
Biosystems, UK) (Master Mix)

TagMan™ Gene Expression Assay |1

(20X)

Nuclease-free water 8
Template cDNA 1
Total reaction volume 20
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Table 6: Thermal protocol for StepOnePlus™ thermocycler. Protocol specified by PCR
Biosystems for amplification under fast-cycling systems.

Step Temperature (°C) Time (s) Cycles
Enzyme Activation 95 120 1
Denature 95 5 40
Anneal/Extend 60 20

Table 7: Primer assay IDs of all qPCR primers used. Primers purchased from Thermofisher
consist of a pair of unlabeled forward and reverse PCR primers, a TagMan probe with a dye
label on the 5’ end and a minor groove binder (MGB) and non-fluorescent quencher (NFQ)
on the 3’ end. All primers have been validated within the literature.

Primers

Gene symbol Gene Name Assay ID

GAPDH GAPDH Hs02758991 g1[217]
YAP1 YAP Hs00371735_m1[218]
RhoA RhoA Hs00357608_m1[219]
RUNX2 RUNX2 Hs01047973_m1[220]
SPP1 Osteopontin Hs00959010_m1[220]
BGLAP Osteocalcin Hs01587814 g1[221]
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3.7 GelMA/3PCLMA Emulsions

3.71 Cell culture

The human osteosarcoma cell line MG63 (European Collection of Authenticated
Cell Cultures, United Kingdom) was used to assess the toxicity of cells within the
gelMA/3PCLMA emulsions. MG63 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with GlutaMAX™, and supplemented in 10% foetal
bovine serum, 100 pg/mL penicillin, and 100 pg/mL streptomycin. Media was
changed every 2-3 days and passaging was carried out at 80% confluency. Passage

and cryopreservation were carried out as described previously.

3.7.2 Gelatin methacrylate Synthesis

Fish gelatin was mixed at 10% (w/v) into sterile PBS at 50°C and stirred at 240
RPM until fully dissolved. 5% (v/v) methacrylic anhydride was added dropwise
and then left to stir for a further 2hrs at 50°C. The addition of 1X the total
reaction volume of fresh PBS was then added and allowed to mix for a further 10
minutes to stop the reaction. The mixture was dialyzed against distilled water
using 12-14 kDa cut-off dialysis tubing for 1 week at 50°C to remove salts and
methacrylic acid. dH20 was then added and the solution was heated for a further
15 minutes at 40°C. Finally, the solution was filtered using a 0.22pM filter and the
solution was lyophilized for 1 week to generate a white porous foam and stored at

-80°C until further use

3.7.3 Emulsion Development

To form the polymer phase, polyethylene oxide (PEO) was added to SPCLMA at a

(w/w)% of either 3, 4, 5, 6%. Hydroxyapatite (HAp) was also added 3PCLMA at 0,
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1, 5 and 10(w/w)% and dispersed evenly using a UP100H Ultrasonic processor

(Hielscher Ultrasonics, Germany).

To form the aqueous phase, GeIMA and alginate were dissolved in PBS to a
5(w/w)% and 3(w/w)% respectively at 37°C under continuous agitation.
Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) and Lithium phenyl
(2,4,6-trimethylbenzoyl) phosphinate (LAP) were added to the polymer phase and

aqueous phase respectively at 0.05(w/w)%.

The aqueous phase was slowly added dropwise to the polymer phase under
continuous shear until the solution had turned from clear to a white, viscous
emulsion. Emulsions with aqueous phases of 40, 50, 60, 70 and 80 %(v/v) with

respect to the polymer phase were made.

3.74 Mechanical Testing

Rectangular 1em x 5¢m shaped tensile test samples were fabricated and cured for
20 seconds on each side. Sample thickness was assessed per sample using
callipers. Samples were tested when wet to represent cell culture conditions.
Samples were tested using Instron 5943 mechanical testing machine (Norwood,
USA) equipped with a 100N load cell for tensile and 100kN for compression. Both
the force and elongation data were recorded. The ultimate tensile strength (UTS)
was determined from the maximum force applied divided by the cross-sectional
area of the sample. Using the linear-elastic region of each sample's force-

displacement curve. Ultimate elongation is the elongation at the failure point.
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3.1.5 Cell toxicity

MG63 cells were seeded on top of scaffolds post-fabrication, to assess whether the
poor survival was occurring through the encapsulation process itself, or the
elution of toxic components in the scaffold into the media. MG63 cells were
seeded and allowed to grow to 60% confluency. 70% GelMA/PCLMA cured inks
were added on top and scaffolds were then either subjected to 5, 2 or no extra
PBS washes before fresh DMEM was added and cells were returned to culture.
Resazurin was carried out on days 1, 3 and 7 to assess the effects of the scaffolds

on the growth rate, inferred from metabolic activity, of the MG63 cells

3.7.5 UV Irradiation

MG63 cells were resuspended in ImL of media, and exposed to 2.7 mW/ecm? of
UVA for either 15, 30, 45, 60 or 120 seconds using an OmniCure Series 1000 curing
system (100 W, Lumen Dynamics, Canada). UVA was applied to cells in a 6-well
plate, with the lid on. The resulting doses (mJ/cm?) the cells received are
summarised in table X, where (mJ/cm? = exposure time (s) x irradiance
(mW/cm?). UVA was measured using a UV Power Puck II (Eit Inc. Sterling, VA,

USA)

Table 8: Respective UVA doses received by MG63 cells with increasing time
exposure

Time (s) Dose (mJ/cm?)
15 41.55

30 83.22

45 124.83

60 166.44

120 332.88

75



3.7.6 Toxicity Testing

MG63 cells were seeded at a density of 1x10* in a 48-well plate and allowed to
reach confluency. Once confluent, pre-made discs (r=lcm) of either 5%
gelMA/ 3% alginate, pure SPCLMA, or a 60% aqueous phase emulsion were placed
on top. Cell metabolic activity was assessed on days 1, 3 and 7 using a resazurin

reduction assay.

3.7.7 Encapsulation

Emulsions were formed as described in 2.7.2. MG63 cells were resuspended in
pure FBS at a concentration of 1x10° cells per 50pL. Cells were then gently mixed
into the emulsions or pure gelMA at a density of 1x10° /mL of gelMA. Emulsions
or pure gelMA were added into polydimethylsiloxane (PDMS)moulds (r=lcm) and
placed in a glass petri-dish and cured under UV light for 30 seconds ( OmniCure
Series 1000 curing system (100 W, Lumen Dynamics, Canada)), before being
transferred to a 48-well plate with DMEM with GlutaMAX + 10% FBS + 1% PS
(Figure 3-4). Emulsions were maintained for 3 days, and resazurin was carried

out at 1hr, day 1 and day 3.
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Figure 3-4: General workflow for the production of emulsions and subsequent
encapsulation of MG63 cells. Figure created using BioRender.com

3.8 Statistical Analysis

Statistical analysis was carried out using either a students’ T-test, one-way and
two-way analysis of variance (ANOVA) where appropriate, using the statistical
analysis software, GraphPad Prism, Version 7.04 for Windows (CA, USA). All data
was considered unpaired. To ensure all data were normally distributed, a
Shapiro-Wilk normality test was performed prior to testing. In cases where data
was non-normally distributed, a non-parametric alternative was used and is
described in figure caption. n values for each experiment are given in figure
captions and refer to the number of biological replicates. Significance is taken at
p<0.05 in all cases with exact significant p values given in figure captions. Error

bars indicate standard deviations in the graphs.
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4 Development of Aligned and Non-
Aligned Fibres for Use in Xeno-Free

Osteogenic Culture of MSCs

4.1 Introduction

For this project, the material of choice as a substrate for modelling cortical bone
was PCL electrospun fibres. PCL was selected, due to it being already widely
characterised and used within our research group and by many others in the
field of bone tissue engineering. As discussed within the literature review, it has
previously been shown to support the culture of many cell types, and osteogenic

differentiation, as well as being cost-effective and widely commercially available.

Electrospinning is a notoriously delicate process, that can be significantly
affected by many parameters both controllable by the user (Voltage, needle
gauge, material viscosity etc), and those more difficult to control in a typical
academic setting (Room temperature, airflow, humidity). Although these
“uncontrollable” parameters may be possible to control with commercially
available electrospinning environmental chambers, these are generally
extremely costly, with other limitations, such as an inability to quickly unclog a
blocked needle, and restrictions in the available space for the configuration of
the apparatus. Therefore, it is important to optimise electrospinning conditions

for each specific set-up.

As PCL is a highly hydrophobic material, it may be necessary to carry out surface

modifications, to try and increase the hydrophilicity of the material. With a
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hydrophobic material, cell attachment, spreading and proliferation is inhibited,
due to an inability to form strong attachment ligands to the material's surface
[222]. Furthermore, the interaction of cells with the material surface plays a
crucial role in the modulation of cellular behaviour, particularly in the case of
differentiation of MSCs[9], [149], [223]-[227]. The use of plasma coating is a

popular method for surface modification of biomaterials.

This project also intended to be carried out in the absence of FBS, so xenofree
media was examined as an alternative. With the removal of FBS from wn vitro
models, the causation of any observable phenomena or effects of testing drugs
can be more accurately obtained, due to the minimisation of unknown
interacting factors that may be present in the FBS, as well as batch-to-batch
variability. Finally, moving away from the use of FBS is of ethical concern, due to
the source from which FBS is obtained, and discussed in more detail within the
literature review. Optimisation of ascorbate supplementation was also examined
within the xenofree media, to ensure that our cell line of choice, hTERT Y201,
was able to produce sufficient amounts of collagen, for later analysis in Chapter

4.

4.2 Aims and Objectives

This chapter aims to optimise a method for the production of aligned and non-

aligned electrospun PCL fibres of similar fibre diameters.

In this study, PCL dissolved in dichloromethane at 15 (w/v) % was examined and
spun at various voltages to alter the fibre alignment and fibre widths. The

wettability and mechanical properties were also investigated, to produce a
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material that may act as a substrate for the culture of MSCs and facilitate their

differentiation to osteoblasts.

Chapter-specific objectives:

Determine the best parameters for electrospinning of both aligned and
non-aligned PCL fibres.

e Characterise the material properties of the produced fibre mats.

e Optimise media composition to support collagen deposition.

e Determine the metabolic activity of cells on scaffolds and optimise cell

seeding protocol
4.3 Experimental Design
15% (W/W) solutions of PCL fibres were spun at a variety of voltages. The
other main electrospinning parameters (tip-to-collector distance and

solution flow rate) were maintained constant throughout as these have

previously been characterised by past members of the Reilly group [61], [64].

Resulting aligned and non-aligned electrospun scaffolds were then secured
into “CellCrown™” trans-well inserts in order for cell culture of the hTERT-
Y201 cell line to be carried out. Scaffolds were assessed for their ability to
support attachment and proliferation of cells with the use of resazurin
reduction metabolic activity assays, under different media types and
compositions. This was carried out, in order to ensure the best conditions for
growth and matrix deposition for the later studies on collagen orientation in

Chapter 5.
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4.4 Results

4.4.1 Electrospinning voltage effects

Under all conditions reported, it was possible for fibre formation with
distinctive, bead-free fibres. Below 10 kV it was not possible to form a continuous

jet, and above 15 kV the jet became unstable and tended towards spraying.

Spinning at 2000 RPM, at all voltages examined, resulted in a much higher

degree of alignment compared to when spun at 200 RPM (Figure 4-1).

The distribution of fibre alignment was assessed using the Fiji Plug-In
“Directionality”, to quantitively assess fibre alignment. In Figure 4-2, spinning

at 2000 RPM resulted in a more aligned fibre construct, noted by the distinct

Figure 4-1: SEM images of aligned and non-aligned electrospun PCL fibres. A) 10kV, 2000RPM
B)10kV, 200RPM C) 11.5kV, 2000RPM D) 11.5kV, 200RPM E) 13kV, 2000RPM F) 13kV, 200RPM G)
15kV, 2000RPM F) 15kV, 200RPM. Scale bar = 200uM

peak on the histogram. By increasing voltage above 11.5 kV, a wider peak is
observed, showing a decrease in alignment. In fibre mats produced by using a
collecting drum speed of 200 RPM, there are no single distinguishable peaks, due

to a much wider distribution of fibre direction.
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Figure 4-2: Histograms showing the relative frequency distribution of fibre alignment of fibres
spun at 10, 11.5, 13 or 15kV, and 2000 or 200RPM, as measured using the Directionality plug in
from Fiji. 2000RPM spinning resulted in a more aligned fibre construct, as noted by the distinct
peak on the histogram, whilst 200RPM produced non-aligned constructs, with a wide
distribution of fibres.

There did not appear to be any clear voltage-dependent trends in fibre width or
fibre width distribution, in both aligned and non-aligned conditions (Figure 4-3).
It was seen, however, that the largest fibre widths and width distribution were
seen for 13 kV, in both conditions (Table 9). In all voltage conditions, it was seen
that aligned fibres did have a smaller average diameter than the non-aligned

fibres that were spun at the same voltage.
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Figure 4-3 Histograms representing the distribution of fibre diameters of electrospun PCL
fibres, as measured using Imaged. Histogram represents the measurements of 100 randomly
chosen fibres across 3 separate images for each condition.
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Table 9: Average diameters of electrospun PCL fibres. Measured from the average of 100
fibres across 3 images for each electrospinning condition. Showing mean £ SD

Voltage (kV) Non-aligned mean width | Aligned mean width
(um) (um)

10 7.61+3.17 6.29 + 2.29

115 75+1.48 6.73 +1.57

13 9.24 £ 3.17 7.37 £3.18

15 85225 5.79+0.85

All fibres showed what appeared to be micro/nanopores across the surfaces of

the fibres (Figure 4-4) Due to the good parallel alignment of the 11.5kV

condition, this was the voltage used for all future experiments.

TM3030Plus4048

i

2021/03/03  12:35 NLD4.6 x4.0k

20 pm

Figure 4-4: SEM image of visible nanopores formed on the surface of a fibre produced at
2000RPM and 11.5kV. Scale bar represents 20pm.
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4.4.2 Plasma Coating

With air plasma coating, the scaffolds' surface wettability was successfully
increased. The contact angle pre-treatment was 123.20 °+9.48 and 120.29 °+9.34 for
non-aligned and aligned respectively. After a 60-second treatment with

atmospheric plasma, the surface was fully wettable (Figure 4-5).

Non-aligned Aligned

-

Figure 4-5: Digital images of contact angle testing of aligned and non-aligned fibres before and
after treating with air plasma at 0.8mBar, 50V for 60 seconds. It can be seen that for both aligned
and non-aligned fibres that hydrophobicity is greatly reduced, allowing the fibres to become fully
wettable

Plasma
Coated

4.4.3 Mechanical testing

Mechanical tensile testing was carried out on aligned and non-aligned samples
spun at 11.5 kV. For the aligned samples, the force was applied in either the

longitudinal or transverse direction of the aligned scaffolds.

Aligned scaffolds, strained in the longitudinal direction showed to be ~5-fold
stiffer than non-aligned, but non-aligned showing to be significantly stiffer when
compared to aligned fibres strained in the transverse direction, with Young’s
modulus’ of 1.67+0.1 MPa and 0.176+0.17 MPa respectively (Figure 4-6 A). UTS
showed a similar pattern, but with only a 2.5-fold higher UTS in the longitudinal

direction compared to that of the non-aligned fibres, and <2-fold higher UTS on

84



the non-aligned fibres compared to the transversely strained aligned fibres.

(Figure 4-6 B).
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Figure 4-6: Young’s modulus (A) and ultimate tensile strength (UTS) (B) measured for
aligned and non-aligned fibres. Aligned fibres were tested in both the transverse and
longitudinal orientations. Results are shown as mean + SD. Tested using one-way ANOVA with
Tukey’s post-hoc for multiple comparisons. n=4. Significant p values are reported as
a=<0.0001 b=<0.0001 c=<0.0001 d=0.0001

4.4.4 Basal media testing

Various cell culture media were investigated, to confirm the metabolic activity of
the h-TERT Y201 cell line in the absence of FBS. Two types of commercially

available chemically defined medium were investigated and compared to the
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standard culture medium of this cell line, DMEM supplemented with 10% FBS.
The addition of gelatin coating of T-Flasks compared to direct seeding onto the

tissue culture plastic (TCP) was also assessed.

Culture medium experiments showed a significant increase in cell metabolic
activity, with the use of CD1 medium (StemMACS™ MSC Expansion Media Kit
XF) (Figure 4-7). There were no significant differences in the metabolic activity
of the cells in culture when coated with gelatin or seeded directly onto the TCP
of the well plate. Conversely, cells cultured in the CD2 medium (Mesenchymal
Stem Cell Growth Medium DXF) showed a significant decrease in their metabolic

activity when compared to the DMEM supplemented with 10 % FBS.

Y201 7-day viability
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Figure 4-7: 7 day metabolic activity, inferred from metabolic activity of h-TERT Y201 cells
seeded on TCP and cultured in either DMEM, StemMACs XFM or CD2, and either coated with
gelatin or seeded directly onto the TCP. CD1shows the highest metabolic activity of the cells
in both gelatin coated or TCP conditions. Tested using two-way ANOVA Tukey’s post-hoc test
for multiple comparisons with Results are shown as mean + SD. n=6 * = <0.0001
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4.4.5 Osteogenic media supplementation

The effects of AA2P, Dexamethasone and fibronectin coating on the collagen
production of 2D h-TERT y201 cells were investigated to optimise the
composition of supplements within the osteogenic medium. This optimisation

aimed to maximise collagen deposition.

Neither dexamethasone nor any concentration of AA2P were shown to have a
significant effect on the metabolic activity of the h-TERT Y201 cells, with day 21
resazurin absorbance showing no differences between any condition (Error!

Reference source not found.).
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Figure 4-8: Resazurin reduction for assessment of metabolic activity of Y201 cells at day 21 of culture in
varying concentrations of AA2P and in presence or absence of dexamethasone. Results shown as mean £ SD
(n=6). Tested using Kruskal-Wallis test with Dunn’s multiple comparisons. Results shown as meanSD.

Sirius Red Staining did show that fibronectin was able to significantly increase
collagen production compared to no surface coating, in both + and - Dex
conditions (p<0.0001 for both conditions). The use of dexamethasone also
significantly affected collagen production for both fibronectin and uncoated
conditions (p=0.0235 and p=0.0414 respectively), with lower SRS staining

observed in the presence of dexamethasone. Increasing the concentration of
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AA2P does not have a significant effect on the amount of collagen, up until
250 pg/mL, where a significant reduction in collagen production was observed in
the fibronectin Dex- condition (p=0.0329) (Figure 4-9). For mineral production,
ARS showed that 250 ug/mL supported lower mineral production in uncoated
samples but no significant difference in mineral deposition observed with

supplementation with dexamethasone. (Figure 4-10).
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Figure 4-9: Sirius Red Staining for collagen deposition of Y201 cells at day 21 of culture in varying
concentrations of AA2P and in presence or absence of dexamethasone. Results shown as mean + SD
(n=6). Tested using a two-way ANOVA with Tukey’s post-hoc test for multiple comparisons. Significant
p number shown as a=0.0329
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Figure 4-10: Alizarin red staining for mineral deposition of Y201 cells at day 21 of culture in varying
concentrations of AA2P and in presence or absence of dexamethasone. Results shown as mean + SD
(n=6). Tested using Kruskal-Wallis test with Dunn’s multiple comparisons. Results shown as mean + SD.
Significant p values shown as a=0.0105 and b=0.008.
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4.4.6 Scaffold seeding optimisation.

Scaffolds were seeded with 0.5x10% 1 x10* or 2 x10* cells per scaffold (~0.86 x10*
cells/ecm?, 1.7x10* cells/em? and 3.4x10* cells/cm? respectively). The surface
treatments fibronectin only, plasma + fibronectin and plasma only were
compared to determine the effects of various coatings on metabolic activity. Due
to the high hydrophobicity of PCL, cells are known to have very little attachment
directly to the fibres without any form of surface treatment. Due to a limited
number of CellCrown™ inserts available for each condition, the “No surface

treatment” condition was excluded in all future experiments.

For all conditions, there appeared to be no significant difference after day 1 in
cell metabolic activity regardless of cell number (Figure 4-11). In a few cases, there
was a decrease in metabolic activity after day 14, which may suggest that cells are
detaching over time, which can occur when cells over-proliferate. However, there
is also a large variability in the results, making thorough analysis difficult. It was
suspected that this variability may be due to the mild toxicity of resazurin, and
PBS washing being insufficient to fully remove the excess salts from the
scaffolds. Although resazurin is considered a non-toxic assay, there is some
evidence that repeated assays over longer culture periods may have some
cytotoxic effects, with different cell lines having different tolerances for the
assay [222]. Alternatively, if the h-TERT Y201 cells do not have a very strong
attachment to the fibres, they may simply be detaching from the repeated
washing and aspiration steps. For future experiments resazurin reduction assays
were only carried out on the final day of culture, to minimise interference during

culture.
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Media changes were also only carried out every 7 days, rather than every 3 days

as this has been shown by other members within the Reilly research group to be

optimum for the h-TERT Y201 cells. Due to the large variability seen in this

experiment, it was not possible to conclude the best method for surface

modifications from these results alone.
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Figure 4-11: Resazurin reduction of Y201 cells cultured at a density of either 0.5x10%, 1x10* or 2x10* cells
per scaffold. A) Fibronectin coated aligned fibres, B) Fibronectin coated non-aligned fibres C) Fibronectin
coated coverslips D) Plasma coated aligned fibres E) Plasma coated non-aligned fibres F) Plasma coated
coverslips G) Plasma + fibronectin coated aligned fibres H) Plasma + fibronectin coated non-aligned fibres
and I) Plasma + fibronectin coated coverslips. Measured at days 1, 7 and 14. Results shown as mean + SD.

n=4

Instead, resazurin was alternatively carried out on day 7 only, to investigate the

cell metabolic activity without repeated resazurin reduction assays. From this

study, there was a significantly higher attachment to the aligned fibres with

compared to the non-aligned and coverslips (p=<0.0001 and p=0.0041

respectively). Metabolic activity was also seen to be significantly higher in

90



plasma + fibronectin-coated conditions compared to fibronectin only (Figure

4-12).
Day 7 viability
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Figure 4-12: Resazurin reduction of h-TERT Y201 cells cultured at a density of 1x10* cells on either PCL-
aligned, non-aligned scaffolds or spin-coated coverslips scaffolds after 7 days of culture. Scaffolds were
treated with either fibronectin, air plasma or plasma + fibronectin. Results are shown as mean + SD.
n=4. Statistically tested using a two-way ANOVA with Dunn’s post-hoc test for multiple comparisons.
Statistically significant p values are represented as a=0.0018 b=0.0066 c=0.0338 d=0.0025 e=0.0251
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4.4.7 Surface functionalisation and coating

Scaffolds were then cultured for 14 days, with the addition of 50 ng/mL AA2P.
After 14 days cells were stained with SRS for collagen and imaged using SHG
intensity (Figure 4-13). In both plasma only and fibronectin and plasma,
collagen deposition was even across the surface of the PCL fibres (Figure 4-13 A-
B). On the aligned scaffolds, SHG intensity showed the collagen fibres were
aligned along the axis of the PCL fibres. Alternatively, for fibronectin-only
scaffolds, the collagen grew in circular nodules on both aligned and random
scaffolds (Figure 4-13 C). Similarly, in SHG images, the signal from the collagen

appeared to be from rounded nodules.

A B C
Figure 4-13: Sirius red staining (Top) and SHG imaging (bottom) of collagen after 14 days

culture on aligned scaffolds. A) Plasma treatment only, B) Plasma + FN C) FN only. Scale bar
=50 yM




4.5 Discussion

451 Fibre fabrication

Electrospinning is an effective method for the development of nano- and micro-
fibres with tuneable properties. However, the process is highly variable with
many parameters that even with small variations can result in dramatically
different results. By simply varying the voltage by small amounts, significant
differences in fibre diameter, morphology and alignment is notable, further

highlighting the sensitivity of this method.

Paskiabi et al spun aligned PCL/PGA nanofibrous scaffolds and found that
interactions between high drum speeds and high voltages may interfere with one
another, by where the high drum speeds stretch nanofibers uniaxially, the high
levels of voltage divert nanofibers from their main axis and reduce their
alignment [222]. However, the results of electrospinning are widely influenced by
many other parameters, including solution viscosity, solvent properties, drum
speed, temperature, tip-to-collector distance, ambient humidity, extrusion rate
and many more. Therefore, it is difficult to explain the exact mechanisms behind

each result as it is highly variable from laboratory to laboratory.

No fibres showed perfect alignment, despite the high RPM of the collecting drum.
This lack of perfect alignment may be explained by residual charge within the
individual fibres, causing a slight repulsion of the fibres being deposited on top.
This also limits the overall possible thickness of the mats, as there is a gradual
decrease in overall alignment with an increase in mat thickness. A non-perfect

alignment may, however, be beneficial, as the overlapping fibres may contribute
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towards the overall structural integrity of the scaffolds, reinforcing them in the

transverse direction and preventing delamination of fibres.

All fibres showed what appeared to be nano-pores across the surfaces of the
fibres. Nano-pores have been observed frequently within electrospinning [61],
[228]-[230] It is theorised that the presence of nano pores are likely due to high
solvent volatility. As DCM is extremely volatile, it begins to evaporate rapidly,
causing local phase separation and resultant pore formation [231]. These pores
may prove incidentally beneficial for cell attachment, due to the increased
surface area and texture providing a better surface for adhesion[232].
Furthermore, it has been shown previously that small pores may increase
differentiative capacity into an osteogenic lineage, with nano-pores of 10-200 nm

being shown to be beneficial in the differentiation of BMSCs [232], [233].

The fibres spun at 11.5 kV, which were taken forward for all future work, were
seen to have an average diameter of 7.5 pM +1.48 for aligned and 6.73 pM + 1.57 for
non-aligned. At this scale, the fibres would be considered microfibres, as opposed
to nanofibers which are more commonly discussed within the literature for
osteogenic differentiation [151], [187], [201], [234], [235]. There have, however,
been a few examples within the literature, where larger fibre sizes have been
successfully used to induce osteogenic differentiation [61], [198]. A larger fibre
size also creates a larger pore size, due to the entrapment of air between fibres.
This larger pore size should allow for a better diffusion of nutrients and
metabolites through the construct in a more effective manner than that of the
densely packed nanofibers. Furthermore, larger pores would allow for a deeper
infiltration of cells throughout the scaffold, allowing them to spread throughout

the scaffold, as opposed to when cultured on nano fibre sheets- where it may be
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better described more closely as patterning, as opposed to a 3D construct. With
infiltration into the fibres, the cells should then experience a more truly “3D”

environment.

The mechanical properties of the fibres were as expected, with the fibres having
a significantly weaker tensile strength in the transverse direction of the aligned
fibres compared to that of aligned fibres in the longitudinal direction and the
random fibres. Fibrous alignment within a single orientation is often seen in
vwo, commonly in scenarios where the tissue must be strong in tension. For
example, collagen within the tendon is seen to be highly aligned and has shown
to have a linear modulus (The modulus of the region of stretch once collagen
fibrils are fully un-crimped) of 34.0+15.5MPa in the longitudinal orientation, and

0.157+0.154MPa in the transverse[236].

452 Media composition

Although the chemically defined media chosen for investigation were designed
to be used with MSCs, the manufacturers stated they had only been tested on
primary MSCs [237], [238]. As the cells used within this work were a cell line, it
was important to test whether the media was compatible and to find the media
which supported the best proliferation. Furthermore, within the literature to
date, the hTERT-Y201 cells have been cultured exclusively in FBS-containing

media [203], [239]-[241].

The results showed that CD1 better supported the cell metabolic activity,
inferred from cell metabolic activity, significantly more than that of DMEM with
10 % FBS. Gelatin coating was also investigated, as it is generally seen to aid with

the attachment and proliferative capacities of cells when used as a base
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substrate. Although it is a denatured form of collagen, gelatin still contains RGD-
residues, subsequently assisting with healthy attachment and spreading of cells
[242]-[244]. In this work, however, the addition of gelatin coating did not appear
to have a significant effect on the cellular attachment or proliferation in any of
the media types. It similarly did not appear to affect cell morphology, with cells
maintaining their elongated fusiform shape. Gelatin is also generally commonly
bovine-derived, and therefore not xeno-free. As this project attempts to minimise
the reliance on any animal-derived products, and the addition of gelatin coating
has no apparent effects within this specific cell line and media combination.
Therefore, for the subsequent work, all cell culture was carried out in CDI1

without the addition of gelatin coating.

As this project was specifically interested in the collagenous component of the
bone matrix, it was important to maximise the deposition of collagen. Ascorbic
acid, or vitamin C, is a key cofactor for lysyl hydroxylase and prolyl hydroxylase
enzymes [200], [245]. These are essential in collagen synthesis, and without
media supplementation with ascorbic acid, very little collagen deposition will
likely occur. However, ascorbic acid is unstable under typical cell culture
conditions of 37 °C and neutral pH [200]. Alternatively, a stable form of ascorbic
acid, AA2P, may be used instead, and it is seen to still be an effective cofactor
[200], [245], [246]. Within this work, it was seen that with increased addition of
AA2P, there did not seem to be a dose-dependent effect on the deposition of
collagen up to the amount of 100 pg/mL. Furthermore, even though little
collagen should be produced in the absence of ascorbic acid, there were high
amounts of collagen produced in all conditions, even without AA2P
supplementation. It may be assumed that the manufacturers have pre-
supplemented their media already with a stable form of ascorbic acid. This was
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later confirmed by Miltenyi Biotech, although the supplier was unable to disclose

at what concentration.

Despite no apparent decrease in metabolic activity of the h-TERT Y201 cells at
high concentrations of AA2P, it was observed that there was a decrease in
collagen deposition, and subsequently mineral deposition at 250 pg/mL. This
suggests that while high AA2P concentrations may not induce cellular toxicity,
they do seem to exert an inhibitory influence on collagen production. One
plausible explanation for this phenomenon could be the impact of AA2P on the
pH of the culture medium. AA2P is inherently acidic, with a solution pH of
approximately 3, whereas the extracellular environment typically maintains a
slightly alkaline pH range of 7.3-7.4. Even minor deviations from this optimal pH
range can lead to altered cellular functionalities. Previous research by We et al.
has demonstrated that a decrease in pH to around 6.6 significantly reduces
collagen production in chondrocytes[247]. While the culture medium does
contain a buffering system, at high AA2P concentrations and extended culture

durations, the buffering capacity may be overwhelmed.

Furthermore, ascorbic acid plays a fundamental role as an antioxidant or
reducing agent, actively mitigating the effects of circulating oxidative species.
However, it has been observed that under high concentrations within the
extracellular fluid, ascorbic acid has the ability to reduce copper and iron,
leading to the generation of ascorbate radicals and hydrogen peroxide, which
subsequently give rise to the production of reactive oxygen species (ROS)[200],
[248]. Increase in ROS within culture media may result in oxidative stress and
thereby giving rise to subsequent cellular dysfunction, DNA damage, or even

cellular apoptosis.
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The effect of fibronectin coating was also assessed as it is seen to be required for
normal collagen deposition and organisation. Fibronectin is found as an
exogenous component in FBS, as well as being produced endogenously by cells. It
has been shown that exogenously sourced fibronectin can be incorporated into
the fibronectin fibrillar network produced by the cells [249]. Furthermore,
collagen and fibronectin have been shown to be linked in a co-assembly
process[68], [81], [250]. It has also been shown that in MLO-A5 cells cultured in
fibronectin-stripped FBS, the resulting collagen matrix was greatly reduced[68].
It was confirmed by Militenyi Biotech that the media used for this study had no
additional supplementation of fibronectin. It was then hypothesised that
without extra supplementation with an alternative source of fibronectin,
collagen deposition and organisation may be reduced. The results showed that
there was a significant increase in the production of collagen when h-TERT Y201
cells were seeded onto fibronectin-coated well-plates, despite not having any
increase in cell number. However, without being able to fluorescently tag the
endo- and exogenous fibronectin, it cannot be stated whether the coated
fibronectin incorporated into the fibrillar structures, or whether the fibronectin

coating simply promoted an increase in the endogenous production of collagen.

Dexamethasone supplementation was also investigated. Dex is a synthetic
glucocorticoid, that can induce the differentiation of stem cells down an
osteogenic lineage, by inducing WNT/B-catenin signalling-dependent Runx2
expression [251]. It has been reported in some cases, however, that
supplementation with Dex may result in an inhibition of the production of
fibrillar collagens I and III [252]. In this study, it was confirmed that the addition

of Dex did not affect the amount of collagen produced, however.
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Mineral production at all concentrations was seen to be relatively low. This low
mineral production was to be expected, however, as the cells were not
supplemented with (-glycerol phosphate (B-GP), which provides an inorganic
phosphate that would be required for effective mineralisation. Furthermore, day

21 is still a relatively early time point for bone culture from MSCs.

4.5.3 Cell seeding optimisation.

Cell seeding onto scaffolds was assessed, to find the best conditions to allow for
effective attachment and proliferation on the scaffolds. PCL is known to be a
highly hydrophobic material, so without surface modification in some way, it
would be unlikely for cell attachment to occur. Atmospheric plasma treatment is
a common way to modify the surface of a material and is seen to dramatically
increase surface wettability. By this method, it should theoretically increase cell

attachment, and increase cellular spreading.

To avoid any effect of repeated resazurin exposure on cell metabolic activity,
resazurin was carried out only on day 7. For this experiment, there is notably
less variability, which supports the idea that the resazurin assays are having a
detrimental effect on either the cell's viability, inferred from metabolic activity,
or causing detachment. There was little difference in the number of cells at the
end of 7 days between plasma treating only or plasma + fibronectin coating,
which suggests that plasma treatment is sufficient to allow for increased cell
attachment. Fibronectin-only did not support as high cell metabolic activity
compared to plasma + fibronectin coating combined. As the PCL is highly
hydrophobic, the fibronectin deposition is likely affected by this. Cells did attach

to some extent, however, evidencing that it is still effective at encouraging cell
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attachment, compared to no surface treatment where cells were seen to not

attach at all.

As the aim of this work was to investigate collagen organisation, the collagen
deposited in each coating condition was assessed. As discussed previously, and
shown in section 4.5.2, the addition of fibronectin increased the deposition of
collagen by the h-TERT Y201 cells. It is also shown that fibronectin plays a role in
the structuring and organisation of the collagen network, with fibronectin being
seen to act as a template for collagen deposition. For this work, it was
investigated whether or not the addition of fibronectin coating had any effect on

the structure of the subsequent collagen deposited over the scaffold fibres.

It was seen that collagen appeared to be deposited on all scaffolds, however,
without plasma coating, the fibronectin-only condition did appear to show its
collagen to be produced by the cells in a nodular fashion. It has been shown that
although fibronectin can be adsorbed to both hydrophobic and hydrophilic
surfaces, it may adsorb in different conformations on the two surfaces [30].
Furthermore, it was seen that at low concentrations, fibronectin may only be
biologically active on hydrophilic surfaces, and that fibrillar formations were
also only seen on hydrophilic surfaces [30]-[32]. AFM studies have also shown
that proteins adsorbed on hydrophobic surfaces adopted more rigid
conformations and tighter binding while looser conformations were observed on
more hydrophilic surfaces [33]. Altankov et al showed that fibroblasts were able
to deposit fibronectin, but were unable to subsequently organise fibronectin into
a fibrillar matrix when cultured on hydrophobic polyvinyl chloride (PVC) [31].
Due to the co-dependent nature of collagen and fibronectin, this may also hold

for collagen deposition when deposited onto hydrophobic surfaces. Sirius red
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stain is not exclusive to fibrillar collagen, and also stains pro-collagen subunits
within the cell, which may also explain a nodular appearance if pro-collagen
subunits are not being assembled into collagen fibres. As this project is aiming to
look at recreating the lamellae-like orientation of collagen fibres, the use of
fibronectin without plasma coating was excluded for all further experiments
from this point. The results gained in this work may be used for future guidance

in serum-free bone tissue engineering.

4.6 Summary and conclusions

PCL fibres were electrospun into aligned and non-aligned fibres, and surface
modifications of air plasma deposition and fibronectin coating were carried out,
to make the scaffolds more favourable for cell attachment. In future work, it may
be of interest in incorporating other bioactive materials such as hydroxyapatite
into the fibres, which would further assist in osteoinduction and
osteoconduction. This would likely require a new optimisation process, as the
addition of hydroxyapatite would likely affect the materials' spinnability, due to

factors such as increased viscosity.

These results highlight for the first time the possibility to culture the h-TERT
Y201 cell line in xenofree media and optimise the conditions for its 2D culture.
This data guided the conditions used for chapter 4 of this thesis and can provide
direction for future projects moving to xenofree medium for bone tissue
engineering. Although the use of xeno-free is beneficial for minimising
variability and unknown interacting factors that can be observed through the
use of FBS, future work would aim to further minimise these even further,
through the use of chemically defined media. Xeno-free may still contain human-

based serums, so may still contain undefined products such as growth factors,
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hormones and proteins. With the use of chemically defined mediums, this
variability would be almost eliminated, allowing for further reproducibility and

clarity on any observed effects that may arise from an wn vitro model.

e PCL fibre alignment is controllable through variation of voltage, where
higher voltages result in increasing levels of disorganisation.

o Aligned electrospun PCL fibres had a 2-fold higher UTS when a load is
applied in the longitudinal orientation, compared to that of non-aligned
fibres.

e 11.5kV was used to spin fibres both aligned and non-aligned in all future
experiments

e Plasma deposition greatly increases the hydrophilicity of the fibres and
allows for the production of fibrillar collagen.

e Fibronectin coating supports higher collagen production of h-TERT Y201
cells seeded in 2D

e Dexamethasone has no inhibitory effects on the production of collagen in
the h-TERT Y201 cell line

e Supplementation of AA2P above 250 pg/mL has an inhibitory effect on

collagen deposition.
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5 Investigation of Microfibres Effect on
Spatial Collagen Organisation of
Osteogenically Differentiated MSCs

5.1 Introduction

Cortical bone has a unique structure, formed of osteons. Osteons have a highly
organised lamellar structure to their collagen, which is fundamental for its
anisotropic strength. To be able to recreate this specific structural anisotropy
could provide great benefit for not only the development of better-suited
implants and the development of vn vitro bone models but also for a better
understanding of osteogenesis and studying the molecular pathways involved in
the development of structured collagen. To date, we still do not have a strong

understanding of the mechanistic pathways in which bone lamellae form.

A recent finding on the effects of aligned nanofibres on the deposition of collagen
was described previously within the Reilly group. With the use of aligned
polymer fibres seeded with murine-derived osteocyte cell line, MLOA-5, it
appeared initially that collagen deposition was directed along the alignment of
the PCL fibres[61]. However, when analysed by SHG, with an ability to image
deeper into the scaffold, it was seen that there was a shifting of collagen
alignment with increasing depth. The small changes in the angle of orientation
relative to the long axis may be comparable to that seen within the “twisted
plywood” style structure seen within the lamellae of the osteonal
microstructure[189]. These findings using aligned nanofibers give light to
potentially novel methods for recreating a more organised and histologically

similar structure to cortical bone. However, this also leads to further questions
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about whether this is reproducible across different materials and cell types. As
MLOA-5’s are a murine cell line and also exhibit characteristics such as rapid
proliferation and mineralisation, it would be of interest to investigate whether
this change of orientation may be an intrinsic behaviour of bone cells of varying
stages of differentiation and species, or if this is a phenomenon unique to this
specific cell type [197]. Furthermore, this phenomenon was observed in the
presence of FBS, which adds an increased level of complexity, due to the
unknown composition of proteins and other chemicals within the serum which
may be affecting the cell behaviour. Furthermore, the addition of FBS is
undesirable for uses with @n vitro models, due to its batch-to-batch variability as

discussed within the literature review (Section 1.9.3).

5.3 Aims and Objectives

This chapter aims to use the material developed in Chapter 4 and assess its
potential for guiding collagen regeneration and recreating a construct that is
more representative of the cortical bone lamellae. Two types of fibrous scaffolds
were produced in chapter 3, aligned and non-aligned scaffolds, which were used
as the basis of the scaffolds. It was hypothesised that the use of a highly aligned
scaffold would allow for the development of a bone-like matrix with a higher
degree of orientation, and hence maturity. As discussed previously, non-aligned
scaffolds are regularly used as a model of bone and provide a good base for
collagen and mineral deposition. However, it may be argued that the resulting
construct is more representative of that woven bone due to its high levels of

disorganisation in its collagen and mineral deposition.

The aims of this chapter are as follows:

104



1. Produce two differentially orientated polymer scaffolds and elucidate
their effects on growth and matrix production on aligned and non-aligned
scaffolds

2. Investigate how collagen organisation changes with depth using second
harmonic generation

3. Assess the maturity of the resulting matrix on aligned and non-aligned

scaffolds

5.4 Experimental Design

h-TERT Y201 cells were seeded onto either aligned or non-aligned scaffolds
developed in Chapter 3. Scaffolds were either treated with plasma, or plasma +
fibronectin coated before seeding with cells. The timeline of culture is outlined
in Figure 5-1. Cells were cultured on the scaffolds in either osteogenic media (OM)
or expansion media (EM) for 28 days, and assessed for their matrix production
throughout. Second harmonic generation (SHG) was used to visualise collagen

orientation on the scaffolds.

Scaffolds moved to SHG, SRS SHG, SHG, SRS, PCR SHG, SRS,
fresh well plate PCR ALP SRS, ARS, ALP ARS, ALP ARS, ALP

l | | | | |
[ I I N A N A

A o ]
Seeding D-3 D1 D3 D7 D14 D21 D28

® EM
® om

Figure 5-1: Timeline of assays carried out at each time point. Samples are either treated with
expansion media (EM), formed of xenofree media supplemented with ascorbic-2-phosphate
(AA2P), or osteogenic media (OM), formed of xenofree media supplemented with
dexamethasone, AA2P and B-glycerolphosphate (B-GP) Quantitative Polymerase Chain
Reaction (PCR), second harmonic generation (SHG), Sirius red stain (SRS), Alizarin Red stain
(ARS) and alkaline phosphatase enzyme activity (ALP) were all carried out were indicated
along the timeline.
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5.5 Results

5.5.1 Mineral and Collagen Deposition

Scaffolds were plasma treated or plasma treated and then coated with
fibronectin. This was to assess whether an exogenous fibronectin source had any

effect on collagen and mineral deposition and organisation.

Sirius red stain for collagen showed that there were no significant differences in
the quantity of collagen produced by h-TERT Y201 in all conditions at all time
points (Figure 5-2). Large amounts of collagen were produced, rising steadily
until day 21. Between days 21 and 28, there was no significant increase in Sirius

red stain, however.
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Figure 5-2 Quantification of collagen deposition using Sirius Red Stain and cell attachment of
Y201 cells seeded on aligned and non-aligned fibres treated with either plasma only or
plasma + fibronectin coated. Statistical analysis carried out using a two-way ANOVA and
Tukey’s post-hoc test for multiple comparisons. Results shown as mean + SD (n=9)

Alizarin red staining was carried out on days 21 and 28, to quantify the degree of

mineralisation (Figure 5-3). Very little mineral was deposited on day 21, but by
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day 28 there were significant increases in the amount deposited in all conditions.

All conditions examined supported mineral deposition, however, plasma-treated

aligned scaffolds did have significantly less mineralisation than all other

conditions. dsDNA quantification was also carried out as a method to infer the

number of cells present on each of the scaffolds, and it was observed that the cell

number was comparable in all conditions across each time point (Figure 5-4).
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Figure 5-3: Quantification of mineral deposition using Alizarin Red Stain (ARS). Statistical
analysis carried out using Kruskal-Wallis test with Dunn’s multiple comparisons. Results

shown as mean+SD. n=6. p values are reported as a=0.0173 b=0.0374
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Figure 5-4: Quantification of double sided DNA content using Quant-IT dsDNA quantification.
Tested using Kruskal-Wallis test with Dunn’s multiple comparisons. Results shown as
meanSD. n=9

The mean gray value (MGV) of full-thickness z-stacks obtained via SHG was also
obtained to quantitate SHG signal. The MGV is proportional to the overall
intensity of the SHG signal. From the MGVs, there was seen to be significantly
lower intensity on days 14 and 21 for plasma-only non-aligned scaffolds,
signifying a lower SHG arising from the collagen (Figure 5-5). On day 7, SHG

signal was significantly lower for all conditions, with almost no signal observed.
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Figure 5-5: Quantification of SHG intensity using mean gray value. Results shown as
meanzSD of 18 separate images across a sample size of n=9. Statistical analysis performed
using two-way ANOVA with Tukey’s post-hoc test for multiple comparisons. Significant p
values shown as a=<0.0001 b=0.0001 ¢=0.0002 d=<0.0001 e=0.0044 f

5.5.2 Alkaline phosphatase activity

Alkaline phosphatase activity (ALP) measurements were taken, as ALP is
considered to be an initial marker of osteoblast differentiation, and an increase
in the level of ALP suggests active bone formation will occur. It was shown that
there were no significant differences between any of the conditions in the
amount of ALP produced (Figure 5-6). Between day 7 and day 28 there was
significant increase in ALP production for all conditions other than Plasma Non-
aligned, which failed to reach significance. There were no significant differences

between each condition, however.
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Figure 5-6: Alkaline phosphatase activity taken at days 7, 14, 21 and 28. Enzyme activity was
calculated as nmol pNPP converted per minute and normalised to total DNA within the
sample. Tested with two-way ANOVA and Tukey’s post-hoc test for multiple comparisons.
Results show mean * SD (n=9) a=0.0321 b=0.0013 ¢=0.0146

5.5.3 Collagen Organisation

The organisation of the collagen was imaged using second harmonic generation
to obtain information about the direction of collagen fibres. On day 7, there was
no fibrillar collagen observable via SHG signal, but by day 14 of culture, there was
an extensive matrix of collagen beginning to form for all conditions (Figure 5-7).
On the aligned PCL fibres, the collagen deposition appeared to be orientated in
the direction of the PCL fibres (Figure 5-7A-B). As expected, the orientation of
the collagen on the non-aligned PCL fibres had no distinct orientation on either
fibronectin + plasma or plasma-only treated samples (Figure 5-7C-D). The overall

SHG signal was also visibly lower on the plasma-treated non-aligned scaffolds.
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Day 14, Aligned, Plasma
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Figure 5-7: A-D: Representative SHG images of collagen deposited by Y201 cells cultured on
aligned and non-aligned fibres at day 14 of culture with OM. Each image represents 5 Tum
slices, with the average (mean) orientation of the fibres from the original PCL fibre axis
weritten beneath. Measurement in top left describes distance from PCL scaffold. Scale bar
represents 100pm.

Furthermore, the collagen appeared to only be deposited on top of the plasma-
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treated non-aligned scaffolds, as opposed to within the scaffold, as is observed in
other conditions. This may be explained by the potential increased fibre packing

density occurring during the non-aligned fibre electrospinning process.

After 21 days of culture, collagen fibres appeared to have penetrated the depth of
the scaffold for all conditions, and there was no difference in the overall
intensity of the SHG signal (Figure 5-8). For the aligned PCL fibres, there was a
noticeable difference in orientation in the collagen deposited directly above the
PCL fibres (Figure 5-8A-B). Overall orientation in each 5um slice appeared to be
slightly offset from the slice below, in the anti-clockwise direction, whilst within
the individual slice, alignment between collagen fibres within the same plane
was mostly parallel. On non-aligned scaffolds, there was no notable trend in the
orientation of collagen (Figure 5-8C-D). Plotted histograms of the fibre
distribution in each 5 pM image stack show a notable peak within the deeper
layers deposited closer to the scaffold (Figure 5-8E-F). However, with increasing
height from the PCL fibres, the peak is flatter. This is observed in both surface
treatments examined. For the collagen deposited on the non-aligned scaffolds,
there is generally a wider spread of fibre orientation distribution, resulting in
less notable peaks (Figure 5-8G-H). The average difference in collagen direction
closest to the substrate, compared to the highest detectable layer was 16.53° +

13.22 for fibronectin + plasma and 22.35° + 16.95 for plasma only.
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Figure 5-8: A-D: SHG images of collagen cultured on aligned and non-aligned fibres at day 21 of
culture with OM. Each image represents 5 Tum slices, with the average orientation of the fibres
from the original PCL fibre axis written beneath. Scale bar represents 100um. E-H: 3D
histograms highlighting changes in directionality of collagen fibres in relation to depth for each
5um stack of SHG slices. Y-axis: Ratio of fibres in each analysed image at a particular angle from
0 to 180. Each histogram is of a single Z-stack image that is deemed representative of the
general trend for each condition.
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Within the histograms, the peaks remain distinct, but shift as they move further
from the polymer scaffold whilst, for the non-aligned condition, there are no

notable peaks (Figure 5-10 E-H).

By day 28, the twisting in orientation between layers became more notable in
SHG images, with fibronectin scaffolds showing a significantly larger difference
in orientation at 54.74° + 17.19 from the initial PCL orientation for fibronectin-
coated, compared to 38° + 17.6 for Plasma only. orientation at 54.74° + 17.19 from
the initial PCL orientation for fibronectin-coated, compared to 38° + 17.6 for

Plasma only (Figure 5-10).
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Figure 5-9: A-D SHG images of collagen cultured on aligned and non-aligned fibres taken on
day 28 of culture with OM. Each image represents 51 um slices, with the average orientation of
the fibres from the original PCL fibre axis written beneath. Scale bar represents 50 pm. E-H
3D histograms highlighting changes in the directionality of collagen fibres in relation to depth
for each 5 pm stack of SHG slices. Y-axis: Ratio of fibres in each analysed image at a particular
angle from 0 to 180. Each histogram is of a single Z-stack image that is deemed representative
of the general trend for each condition.
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When cultured in regular expansion media containing no dexamethasone or -
GP (EM), the collagen was seen to orientate in a consistent direction in the same
direction as the PCL fibres of the aligned scaffolds, even after 28 days of culture
(Figure 5-13A-B). Histograms of the distribution of collagen fibres show distinct
peaks in all images within a single stack, but with no shifting of the peak
between layers (Figure 5-13C-D). For cells cultured on the non-aligned PCL

fibres, there was no noticeable orientation of the collagen fibres observed.
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Figure 5-10: Difference in the orientation of collagen fibre alignment from the slice closest to
the scaffold, compared to the top-most slice. Y201 cells were seeded on either plasma-
coated or fibronectin-coated aligned fibres and measurements taken at days 14, 21, and 28.
Measurements were taken across 10-16 separate images per condition, across a sample size
of n=9. Results show mean + SD Tested with a two-way ANOVA with Sidak’s post-hoc test for
multiple comparisons. Significant p number is shown as a=0.0382
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Figure 5-12: A-B SHG images of aligned fibres taken at day 28 of culture with EM. Each image
represents 5 Tum slices, with the average orientation of the fibres from the original PCL fibre axis
weritten beneath. Scale bar represents 50pm. E-H 3D histograms highlighting changes in
directionality of collagen fibres in relation to depth for each 5um stack of SHG slices. Y-axis: Ratio of
fibres in each analysed image at a particular angle from 0 to 180. Each histogram is of a single Z-
stack image that is deemed representative of the general trend for each condition.
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Figure 5-11: Change in orientation of fibre alignment from the PCL fibres on plasma coated or
fibronectin coated aligned fibres at day 28 in either EM or OM. Measurements were taken
across 16-20 separate images per condition, across a sample size of n=9 (OM) and n=6 (EM).
Results show mean + SD. Tested with a two-way ANOVA with Sidak’s post-hoc test for multiple
comparisons. Significant p numbers indicated as *=<0.001

55.4 Cell alignment
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Cell morphology along the PCL fibres was also assessed over 28 days of culture.
From this point forward fibronectin + plasma coating condition was used as the
baseline surface coating, as previous work has shown that the addition of
fibronectin was more favourable for mineral deposition. It was seen that after 7
days in culture, h-TERT Y201 cells cultured on the non-aligned scaffolds,
appeared to adopt a stellate morphology, whilst the cells on the aligned scaffold
elongated along the axis of the aligned PCL fibres (Figure 5-13 A-B). On day 7,
although the cytoskeleton of the cells has elongated, the nucleus is still a

rounded shape.

DAPI(Blue)/Nucleus staining, Phalloidin(Red)/Actin Staining
A B

Figure 5-13: Confocal images of the cell nucleus (DAPI in blue) and cytoskeleton (phalloidin-
TRITC in red) of h-TERT Y201 cells seeded on non-aligned (A) and aligned (B) scaffolds at day
7. Cells on aligned PCL fibres show a cytoskeleton that is aligned along the axis of the fibres,
whilst non-aligned PCL fibres appear to have no notable organisation. Scale bar at 200 yM

The shape of the cell nucleus was also assessed over the 28 days of culture on
aligned and non-aligned PCL fibres with seeded h-TERT Y201 cells cultured in
either EM or OM. The nuclear morphology was analysed using ImageJ, and
measurements of area and circularity were taken. It was seen that the nucleus

was seen to be deformed in shape, becoming elongated throughout the culture
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period (Figure 5-15). At day 28, cells cultured on aligned fibres in OM were seen to
be significantly less elongated than in all other conditions. It was also observed
in all conditions examined, the nuclear shape began to enlarge over the 28 days,

with no significant differences between each condition (Figure 5-15)
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Figure 5-14: Circularity and nuclear area of h-TERT Y201 cells at days 7, 14, 21 and 28 of culture on
aligned or non-aligned scaffolds in either expansion media (EM), or osteogenic media (OM).
Results are shown as mean + SD of 500 measurements taken over 9-12 separate images per
condition. Analysed using Kruskal-Wallice test with Dunn’s post-hoc for multiple comparisons.
Significant p values represented by a=0.055 b=0.0325 ¢=0.0419 d=0.0213 and *= p<0.0001

5.5.5 Construct mechanical properties

Mechanical testing on the scaffolds was carried out after 28 days of culture with
h-TERT Y201 cells, in either OM or EM media. A blank, acellular control was also
used, which was stored in OM for 28 days at 37°C. Aligned scaffolds were tested
in both the transverse and longitudinal directions with respect to the fibre
alignment, with Young’s Modulus, ultimate tensile strength (UTS) and toughness
being calculated from the stress/strain curves generated (Section 2.4.3). It was
observed that the toughness and UTS were increased significantly in constructs
made with non-aligned PCL fibres by culturing with cells in both EM and OM
(Figure 5-16 A+D). A significant increase in toughness was also observed in the

aligned fibre-cell constructs when cultured in OM compared to EM (Figure
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5-16 B). When cells were cultured in OM, aligned PCL fibres were seen to support
a 4.4-fold increase in toughness, compared to the 3.5-fold observed for non-
aligned. UTS, when measured in the longitudinal direction, showed a significant
increase when cultured with cells in both OM and EM, but even more
significantly so when cultured in OM (Figure 5-16 E). An increase in toughness,
UTS and Young’s modulus were observed in the transverse orientation when

cells were cultured in OM, but none of these reached statistical significance

.
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Figure 5-15: Toughness (A-C), ultimate tensile strength (UTS) (D-F) and Young's modulus (G-I)
measured on aligned and non-aligned PCL fibres, cultured with h-TERT Y201 cells for 28 days in either
EM or OM. Blank condition represents an acellular scaffold placed in OM for 28 days at 37°C All PCL
fibres were plasma + fibronectin coated. Aligned fibres were tested in both the transverse and
longitudinal orientations. Results are shown as mean * SD. n=4 Analysed using a one-way ANOVA with
Tukey’s post-hoc test for multiple comparisons. Significant p values are shown as a=0.041 b=0.0113
¢=0.0003 d=0.0084 ¢=0.0002 f=<0.0001 g=<0.0001 h=0.0021
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5.5.6 Gene expression on aligned and non aligned PCL fibres

qPCR was carried out on days 3 and 21, to assess the gene expression at both an
early stage of differentiation and later stages. ALP(Alkaline phosphatase), SPP1
(Osteopontin/secreted phosphoprotein 1), RUNX2 (Runt-related transcription
factor 2) and BGLAP(Osteocalcin) were all investigated. SPP1, ALP and RUNX2,
are all expressed by pre-osteoblasts from early stages of osteogenic
differentiation, whilst BGLAP is generally seen at a slightly later stage secreted
by the mature osteoblasts. It was observed that there was high variability in the
expression of SPP1, ALP and BGLAP, making analysis of the data difficult, with
the gene often being undetected. This is likely due to low total RNA, with an

average of 30.83ng/pL +13.63 being extracted from each sample.

RUNX2, SPP1 and ALP expression fold-change for Y201 cells were calculated on
days 3 and 21, using Y201 cells cultured in OM directly on TCP as a control. It was
seen that initially that all three were downregulated in the first 3 days of culture
in relation to 2D controls (Figure 5-16A). After 21 days, expression began to be
upregulated for all genes examined, but with no significant differences between

aligned and non-aligned fibres ( Figure 5-16B).
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Figure 5-16: Osteogenic gene expression of Y201 cells at days 3 and 21, shown as log, of fold-
change, compared to OM-treated 2D controls. Results shown mean+SD (n=3 (SPP1) n=3-5
(ALP) or n=5-6 (RUNX2))

The effects of the fibres themselves without the presence of dexamethasone as a
differentiating factor were also investigated. It was seen that culturing even in
EM conditions, both aligned and non-aligned fibres induced the increased
expression of RUNX2, but with no significant difference between the two
conditions (Figure 5-18). In OM, it is observed that there is a significant increase

in RUNX2 expression compared to EM conditions (p=0.0041). It is also seen that
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there is a significant increase in gene expression of cells on aligned fibres,

compared to non-aligned.
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Figure 5-17: RUNX2 expression from h-TERT Y201 cells at day 21, cultured in either EM or
OM. Results are shown as log2 of fold-change, compared to EM-treated 2D controls.
Results shown meantSD (n=5-6) Statistical analysis performed using two-way ANOVA
with Tukey’s post-hoc test for multiple comparisons. Significant p values shown as
a=0.021

RhoA and YAP were also examined as genes of mechanotransduction. RhoA
expression was downregulated initially when cultured to both aligned and non-
aligned, whilst YAP was seen to be upregulated (Figure 5-19). At day 21, gene
expression of RhoA is also downregulated from TCP cultured controls (Figure

5-19).
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Figure 5-19: Mechanotransduction-related gene expression of Y201 cells at day 3. Shown as
log; of fold-change, compared to OM treated 2D controls. Results shown meantSD (n=5-6).
Statistical analysis performed using two-way ANOVA with Tukey’s post-hoc test for multiple
comparisons. Significant p values shown as a=0.0028.
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Figure 5-18: RhoA expression of h-TERT Y201 cells at days 3 and 21. Shown as log, of fold-
change, compared to OM treated 2D controls. Results shown mean+SD (n=3 (Day 3) or n=6
(Day 21)). Statistical analysis performed using two-way ANOVA with Tukey’s post-hoc test for
multiple comparisons
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5.6 Collagen deposition of MG-63 cells

Collagen deposition of the osteosarcoma-derived human cell MG-63 was also
assessed, to examine whether the twisting phenomenon was present in a more
mature osteoblast-like cell when cultured on aligned plasma + fibronectin-coated
PCL fibres. It was observed, however, that after 21 days in culture, the resulting
matrix was disorganised and was not shown to have the lamellae-like
organisation observed in Y201 cells (Figure 5-21). The collagen matrix appeared
generally sparse, and the matrix quickly lost orientation 5-10pM from the axis of

the fibres.

S5uM 15uM 20uM 25uM
50 pm

Figure 5-20: SHG images of collagen produced by MG63 cells after 21 days in culture with
osteogenic supplementation. Each image represents 5 1um slices, with the average
orientation of the collagen fibres from the original PCL fibre axis written beneath. Scale bar
represents 50pm
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5.7 Discussion

5.7.1 Matrix deposition and organisation

Osteogenic differentiation on aligned and non-aligned scaffolds is widely
reported, spanning across a variety of different materials. However, successful
osteogenic differentiation is usually considered by the quantity of collagen or
mineral produced, over the quality and organisation. For tissue-engineered
constructs intended for implantation, this is often desirable, as rapidly deposited
ECM allows for integration into the surrounding tissue, which can then be more
gradually remodelled. However, for in vitro models, biomimetic replication of
the mature tissues’ organisation would be more desirable, to accurately

represent the mechanical properties and functionality of vn vivo bone.

This work aimed to investigate the effects of fibre alignment, more specifically
on the organisation of the matrix and in particular the collagen, with the aim of
producing a structure more representative of the lamellar collagen in cortical

bone.

Both the aligned and non-aligned scaffolds did support the osteogenic
differentiation of MSC-like Y201 cells. All conditions showed a similar
upregulation of ALP activity, however, aligned fibres without fibronectin
treatment showed significantly less mineralisation. Previous work on aligned
and non-aligned substrates has shown differing effects of fibre alignment and
osteogenesis. For example, Younesi et al seeded hMSCs on aligned collagen
fibrous scaffolds and had a significantly lower osteocalcin expression at day 14
compared to those seeded on non-aligned fibres [253]. Similarly, Delaine-Smith et

al also observed non-aligned fibres to better support collagen and mineral
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deposition of embryonically derived human embryonic stem cell-derived
mesenchymal progenitor cells (hES-MPs), but that aligned fibres better support
mineral deposition and ALP activity in the murine-derived mature osteoblast

cell line, MLOA-5 [61].

Remarkably, the SHG signal observed on day 7 was extremely low, compared to a
relatively high stain observed via Sirius red staining. Sirius red is known to bind
via its sulphonic acid groups to basic groups along the collagen molecule[254].
However, it is seen to not only stain fibrillar collagens but also other proteins
containing basic amino acids, as well as non-fibrillated tropocollagen
molecules[255]. Alternatively, the SHG signal allows for the visualisation of the
fibrillar collagen quantity and orientation and can give a qualitative assessment
of the fibrillar collagen present [62], [86]. As SHG generation requires a non-
centrosymmetric molecule, signal generation is dependent on the molecule
being sufficiently organised [85], [86]. Furthermore, the epi-generated SHG signal
is seen to be wavelength dependant. Green et al modelled the theoretical
wavelength dependency of two differentially sized fibrils and showed that small
changes in fibril diameter may emit SHG signal at differing wavelengths[85]. The
high degree of staining compared to the poor SHG signal observed may suggest
that although collagen is being produced, it is not yet fibrillated into a mature,
organised matrix. It may also be concluded that quantification of collagen via
Sirius red staining on its own, without a more visual qualitative assessment such
as SHG or immunostaining, may not be a definitive method for assessing

collagen production during osteogenic differentiation.

Collagen quantity was also seen to not significantly increase between days 21 and

28, however, SHG analysis showed that the collagen twisting observed on the
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aligned scaffolds further progressed in its overall pitch. This may suggest that
the collagen is being physically manipulated through either cell action or a
remodelling process, over being deposited directly in a lamellar-like formation

[68], [69], [199].

The gradual shift in the orientation of the collagen with height was similar to
what was observed in the work by Tetteh et al, where the collagen produced by a
murine osteoblast cell line MLO-A5 was seen to organize in a lamellar-like
fashion on a different polymer scaffold (polyurethane). Examinations of the
lamellae fibril organisation @n viwo have generally shown a periodicity of about 5-
7nm, and gradual change of fibril direction, varying from 10-60° from the initial
orientation of the lamellae closest to the osteon’s centre [90], [256], [257]. Within
the present work, although the difference in collagen orientation is comparable
to that of the vn vivo lamellae, it occurred over a much larger depth of 35-45 pm,
similar to what was also observed by Tetteh et al, where the twisting

phenomenon was reported over distances of 36-84 pm.

For non-aligned constructs, UTS was unchanged when cultured in EM, which
may be explained by a more disorganised collagen matrix without significant
mineralisation. For aligned constructs, when culturing within EM, where no
lamellar-like twisting of collagen was observed, it can be seen that the UTS and
toughness were also significantly less than when cultured in OM. Furthermore, it
was also seen that h-TERT Y201 cells cultured on aligned constructs in OM
facilitated a greater fold-increase in mechanical properties compared to non-
aligned, despite both conditions having no significant differences in the quantity
of mineral and collagen. It therefore may be suggested that it is the lamellar-like

twisting that may be the cause of the improved mechanical properties observed
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when h-TERT Y201 cells are cultured on aligned fibres. The twisted plywood
phenomenon observed in load-bearing bone is theorised to be an ideal structure
to cope with compressive and tensile loads of various directions, as well as an
efficient barrier to crack propagation [258]-[261]. Furthermore, it is known that
aligned collagen acts as a guide for mineralization, with the central axis of
hydroxyapatite crystals running parallel to the orientation of the collagen[57],
[65]. Alignment of hydroxyapatite crystals is seen to play a critical role in the
bone matrix quality and final structural integrity of regenerated bone, providing
greater mechanical strength to an overall tissue, compared to simply an
increased mineral density [57], [262]. The use of aligned scaffolds and their ability
to facilitate a lamellar-like twisting of collagen may therefore be suggested as a
route for producing scaffolds with a superior capacity to mimic the mechanical
function of lamellar bone over non-aligned scaffolds. Furthermore, although
these scaffolds were suggested for use in n vitro models, it may be of interest to

develop these further for an application within bone tissue engineering.

Lamellar-like self-assembly of collagen on aligned topographies has been
previously reported to occur in other cell types, where the tissue of origin also
has a lamellar collagen structure. In one study, corneal fibroblasts were observed
to originally align along a topographically aligned substrate, but after 9 days of
culture, showed an observable difference in the orientation of the cells growing
above the original layer[263]. This was at an orientation of 53°+8 relative to the
first corneal fibroblast layer. When the authors repeated using dermal
fibroblasts, this same shift was not observed, with the second layer becoming
disorganised and without orientation. The same authors also presented a similar
occurrence in smooth muscle cells, showing an angle difference of 38.55 + 4.24
degrees compared to the first layer[263]. This study used mature, differentiated
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cells, however. Interestingly, in the case of corneal lamellae or the annulus
fibrosus, the alternating collagen pattern is observed only to form during
embryonic development and without an intermediate, disorganised phase[264].
In comparison, lamellar bone is formed throughout adult life, through a gradual
remodelling of the disorganised woven bone[18]. To my knowledge at the point of
writing, the work presented in this thesis is the first instance of a self-assembled
lamellar-like twisting of collagen produced from an originally undifferentiated

cell.

The addition of fibronectin coating on the scaffold was assessed, due to its
previously discussed synergistic effects on collagen organisation. It was
hypothesised that without the exogenous source of fibronectin that would
normally be supplied through FBS supplementation, there may be a delay in the
formation of a mature and organised matrix of collagen. However, although it
was shown that the addition of fibronectin coating in 2D did significantly
increase the collagen deposition, there was no significant increase in the
deposition of collagen observed when fibronectin was coated onto fibres. When
collagen organisation was observed using the SHG technique, both fibronectin
coating and plasma-only coating resulted in a lamellar-like structure of the
collagen. However, with the addition of fibronectin, the collagen did appear to be
twisted to a significantly greater degree than observed on plasma-coated only
scaffolds. As discussed in chapter 3, there is a strong interaction observed
between the deposition of collagen and fibronectin. Paten et al observed that
fibronectin is able to accelerate the nucleation of type I collagen deposition into
fibrils #m vitro, resulting in a co-localised network of collagen and fibronectin
[76]. Fibronectin is seen to interact with the al(I) chain of collagen via a gelatin-
binding at amino acid residues 757791, covering the enzymatic cleavage site and
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subsequently protecting the initial collagen matrix from enzymatic
degradation[265]-[267]. It has also been shown that fibronectin-templated type I
collagen deposition can play a role in the enhanced migration of myofibroblasts
and other cell types, resulting in more efficient remodelling of the ECM [266],
[268]. Although the fibronectin-coated scaffolds would not be coated in a fibrillar
form, it is shown that soluble exogenous fibronectin can be quickly fibrillated in
the presence of cells and collagen[81]. Therefore, the enhanced exogenous source
of fibronectin via the coating protocol may assist in the catalysation of matrix

reorganisation and subsequent increase in differential orientation.

When cultured in the absence of dexamethasone (EM), collagen was seen to be
deposited only in the orientation of the PCL fibres, with no observable twisting
of the collagen with height. These results may suggest that the orientation is a
product of the cell’s osteogenic differentiation. However, qPCR analysis showed
that both aligned and non-aligned fibres did seem to mildly induce osteogenic
differentiation, although to a lesser extent compared with the samples cultured
in OM directly on tissue culture plastic. It is well established that fibres, both
aligned and non-aligned have the potential to improve matrix deposition and
osteogenesis, however many of these are supplemented with dexamethasone or
other differentiation-inducing factors [149], [186], [226], [269]. Some studies do
explore the effects of the fibres alone, without osteogenic supplementation, and
observe various markers of differentiation, indicating that osteogenesis may
occur through a topographically mediated mechanism. Wang et al. similarly
observed that RUNX2, as well as osteocalcin, was upregulated by rat MSCs on
poly(3-hydroxybutyrate-co-3-hydroxy-hexanoate) fibres when cultured in non-
osteogenic media, with aligned fibres showing greater upregulation than non-
aligned. In osteogenic media, markers were seen to be expressed similarly [253].
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Delaine-Smith et al. also showed that ALP activity can be increased in the
embryonic MSC cell line hES-MPs without the addition of dexamethasone, whilst
Badami et al conversely showed that the MC3TC-El osteoprogenitor cell line
showed no increase in ALP when cultured on non-aligned fibres of varying
diameters without differentiating factors[226]. However, as MC3T3-El cells are
pre-osteoblasts, they can be further differentiated without the addition of
dexamethasone and only the addition of ascorbic acid and B-GP. In the present
work, RUNX2 was upregulated in Y201 cells grown on fibres in EM but was
upregulated to a greater extent when cultured in OM. RUNX2 is first expressed
in pre-osteoblasts. It is then upregulated in immature osteoblasts before finally
being downregulated at later stages of differentiation[270], [271]. It may be
theorised that topographical cues provided by the fibres may assist with earlier
stages of differentiation of MSCs into pre-osteoblasts, but that further
stimulation via the form of differentiating factors such as dexamethasone may

be required to reach later stages of maturity.

There are several theories as to why osteogenic differentiation may occur on
fibres even in the absence of differentiating factors. In the present work, the
cellular morphology of the h-TERT Y201 cells can be seen to be elongated on the
fibrous scaffolds, which is a well-documented phenomenon of culturing cells on
aligned fibres[61], [272], [273]. It has been observed that changes that increased
actin-myosin-generated tension, caused via cytoskeletal spreading, can result in
increased RhoA activity [115]. McBeath et al showed that by increasing RhoA
activity, it was possible to switch hMSC commitment to an osteogenic lineage
[114]. Furthermore, with the use of nanofibrous micro-islands for single cell
culture, Chang et al showed that there was significant upregulation of Rho-
associated protein kinase (ROCK), the effector of RhoA linked to myosin II, as
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well as increased ALP activity indicating osteogenesis. Furthermore, with the
addition of a ROCK inhibitor, ALP activity was subsequently inhibited[274]. In
the present work, however, it was seen that RhoA was downregulated on both
aligned and non-aligned fibres in comparison to TCP on both day 3 and day 21. In
the previously discussed studies, however, the effects on RhoA are examined at
much earlier time points than day 3, usually examining a few hours after plating.
RhoA is seen to reduce at higher densities, so the high confluences observed at
later time points of culture on the fibres may explain the low expression of
RhoA. It is also of note, that the TCP control, will have an extremely high
stiffness, with cell culture plastics generally seen to have stiffnesses of around

1GPa, remarkably higher than that of PCL fibres used within this work.

When cultured in OM, both non-aligned and aligned fibres caused similar
upregulation in osteogenesis-related gene expression, which may suggest that
the mechanism of the collagen guidance is not due to the aligned fibres simply
supporting a greater degree of osteogenic differentiation of the cells compared to
non-aligned. Furthermore, when cultured in EM there is no observable collagen
twisting. Therefore, it can also be assumed that the collagen orientation control
is not solely related to mechanotransduction pathways induced by cellular
morphology specifically on aligned fibres. It may be therefore theorised that the
twisting is a combination of both mechanotransductive and osteogenesis-

induced pathways.

When MG-63 cells were cultured on the aligned fibres, the orientation of the
collagen did not appear to follow the orientation of the scaffolds. MG-63 is an
osteosarcoma-derived cell line, and although it is frequently used as a model cell

line for bone, it is known to have dysregulated functions in comparison to

133



healthy @n vwo osteoblasts, as well as differential gene analysis[196], [275].
Although studies have looked at the effect of MG63 behaviour on aligned fibres,
none of these have investigated collagen orientation. Wang et al showed that
MG#63 cells were able to orientate along the axis of the aligned poly(L-lactic-acid)
nano-fibres, but that there was significantly less collagen produced compared to
when cultured on non-aligned scaffolds or TCP controls[276]. Conversely, Tsai et
al observed that MG-63 cells saw upregulation of osteogenesis markers RUNX2,
COLI, ALP, BSP and SPP1 when cultured on aligned strontium-substituted
hydroxyapatite nanofibers compared to non-aligned fibres[277]. They also
observed the elongation of the cells along the axis of the aligned fibres. These
results suggest that MG63 cells can sense substrate orientation and elongate
along the axis, but that their capacity for orientated collagen deposition is
affected, which also suggests collagen deposition orientation is not just a
product of the cell's predominant orientation but is related to many other
aspects of the cell’s regulatory behaviours. It may be of interest to carry out a
panel analysis of differential gene expression between the Y201, MG-63 and MLO-

A5 cell lines, to elucidate potential pathways of interest for further study.

5.8 Summary

This chapter explored the use of fibrous scaffolds for culture and osteogenic
differentiation of an MSC cell line vn vitro. It documented for the first time a self-
assembled lamellar-like structure being produced by an MSC. Furthermore, this
work has been carried out in xeno-free media, in absence of FBS, minimising any
variability of unknown interacting effects that may stem from FBS-derived

components., increasing its translatability to be used as an vn vitro model.
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Gene analysis was carried out and showed that there was little difference in the

expressed genes in cells cultured on non-aligned and aligned scaffolds, and when

cultured in EM, there was still an upregulation of osteogenesis-related genes, but

to a lesser extent than with OM.

Fibronectin coating does not increase collagen quantity but may facilitate
the faster reorganisation of the matrix.

Matrix deposition on both aligned and non-aligned scaffolds is
comparable in quantity, but with notable differences in organisation.

The culture of MSC cell line Y201 on aligned fibres results in a lamellar-
like twisting of collagen.

Osteosarcoma-derived cell line MG-63 shows an inability to align its
collagen.

The resulting mechanical properties from culturing Y201 cells on aligned
fibres are more greatly improved than on non-aligned.

Expression of osteogenic markers from Y201 cells is comparable between
aligned and non-aligned fibres.

Both non-aligned and aligned fibres are able to induce osteogenic
differentiation of Y201 cells

Aligned fibrous scaffolds may be a promising material for studying the

development of cortical bone and collagen dynamics.
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6 Methacrylated Polycaprolactone-
triol and Gelatin Methacrylate
Emulsions for the Production of
Stiff and Porous Bioinks for Use in
3D Cell Printing.

6.1 Introduction

Trabecular bone is inherently a porous material, organised into larger
macroscale pores formed by the trabecular struts, with the cells residing in
microscale pores within the struts. Therefore, to create a model of bone, it would
be logical to choose a material that could recreate this multiscale porosity. With
this in mind, the ideal material should have an interconnected network of
micropores, into which cells can easily infiltrate. It must also be able to be
formed into a material with a macroporous structure, without collapsing of the
micropores. This ideally would be obtained by 3D printing, to allow constructs
with more intricate geometries. Moulding and casting may also be simpler and
significantly cheaper options for producing multiscale porosity, especially on a
mass scale, however, those methods considerably reduce the geometrical

complexity obtainable.

Emulsion templating was selected as the method of choice for the development
of a trabecular bone-like material. Other fabrication methods such as porogen
leaching for the development of porous scaffolds were considered. Porogen

leaching involves a soluble porogen mixed with a polymer, before being
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solidified and the porogens washed away with a solvent, leaving a porous
construct. However, these were not chosen due to general limitations in lack of
control of pore distribution, and the difficulty to produce materials with
multiple scales of porosity. With the use of emulsion-templated materials, it
should be possible to control pore size and 3D print into a construct with a

multiscale porous structure.

Emulsion templating does, however, come with issues, with many of the
components used, such as solvents, surfactants and photoinitiators, being toxic
and requiring extensive post-processing. Processing steps often include solvent
washes, to draw out excess solvent within the polymer, PBS washes to then
remove these solvents, before ethanol washing and further PBS washing for
sterility. Each one of these steps takes 1-2 days, which results in the time taken
from scaffold fabrication to use for direct cell seeding to potentially over a week.
This section explores an alternative method of producing an emulsion-templated
porous ink, that bypasses the use of solvents and surfactants and minimises

lengthy post-processing steps, as well as a potential use in live cell printing.

With minimal cytotoxic components, it may then be of interest to try and create
a porous bioink that can be used to directly print live cells encapsulated within
an emulsion. One common material used for bio-inks would be gelatin
methacrylate (GelMA), which is widely used as a bioink due to its excellent
biocompatibility and low cost. However, its poor mechanical strength makes it
an unattractive option alone as a bone substitute material. Therefore, it would be
beneficial to improve the overall mechanical properties of this material, through
the addition of a reinforcing material with more favourable mechanical

properties.
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6.2 Aims and objectives.

In this section, a novel method for producing a printable, emulsion-templated
bioink, with higher mechanical properties than that of pure gelMA is explored.
The resulting scaffold would need to have pores large enough to allow
infiltration of cells or be compatible with direct encapsulation for live cell
printing. It should also be possible to process into multi-scale porous scaffolds

that allow for effective media flow throughout the depths of the construct.

A further aim was to minimise the use of cytotoxic components such as organic
solvents and surfactants, to reduce long post-processing steps often required

with other emulsion templating protocols.

The possibility of directly encapsulating cells within a bioink for direct 3D
printing would present a possibility of overcoming the size limitation of many

porous scaffolds due to the poor infiltration of cells.
To this extent, the main objectives of this chapter were:

1. Develop an emulsion without the need for toxic solvents and surfactants.
The resulting emulsion must be stable at room temperature for at least a
short period to enable printing and cross-linking.

2. Characterise the material's properties, including morphology and
mechanical properties.

3. Examine the material’s biocompatibility with seeded cells.

4. Explore the potential for encapsulation and subsequent live-cell printing.
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6.3 Experimental Design

Different formulations were explored, with varying percentages of PEO, alginate
and gelMA, and imaged via fluorescent and confocal imaging in order to assess

the construct morphologies. Mechanical testing was also performed.

Cell culture was carried out on the scaffolds, using the osteosarcoma cell line
MG-63 and murine preosteoblast cell line MC3T3-El. Various mechanisms of
scaffold seeding were explored, including post-fabrication seeding, where cells
were seeded onto pre-cured scaffolds, and encapsulation, where cells were

directly encapsulated before the construct is cured.

6.4 Results

Materials and methods specific to this chapter can be found in Chapter 2, section

2.8.

6.4.1 Stability

GelMA and 3PCLMA warmed to room temperature and thus in their liquid state,
were able to be mixed to form an emulsion, without the addition of any
surfactants. The formulation of each emulsion examined, and the outcome of its
stability after incubation for 1 hour at 37°C is outlined in Table 10. Without the
addition of alginate to the gelMA, the emulsions did not appear to be stable,
beginning to separate almost immediately after mixing. After 1 hr of incubation
at 37°C, the two phases had completely separated, with gelMA visible as the
aqueous phase on top, and the 3PCLMA sitting at the bottom (Figure 6-1). By
increasing the viscosity of a material, it is possible to increase its kinetic

stability[278]. Therefore it was seen that with the addition of alginate, the
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emulsions became increasingly stable, with an increase of PEO also further
increasing the stability. With 6 % (w/w) PEO, the resulting emulsions were
extremely viscous and showed no visible phase separation after 1 hr incubation
at 37 °C in all conditions other than those with no added alginate. Finally, with

5 % alginate, all conditions were shown to be stable.
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Table 10: Compositions tested with varied wt/wt% of PEO and alginate. Stability was
assessed after 1hr after incubation at 37°. Emulsions were considered to be stable if no
visible separation was observed.

Figure | Sample | PEO Alginate | Stable | Stable after
Label (wt%) (wt%) during | 1hr @ 37°
ID mixing

1 P3A0 3 0 N N

2 P4A0 4 0 N N

3 P5A0 5 0 N N

4 P6A0 6 0 N N

5 P3A1 3 1 Y N

6 P4A1 4 1 Y N

7 P5A1 5 1 Y N

8 P6A1 6 1 Y Y

9 P3A3 3 3 N N

10 P4A3 4 3 N N

11 P5A3 5 3 N N

12 P6A3 6 3 N N

13 P3A5 3 5 Y Y

14 P4A5 4 5 Y Y

15 P5A5 5 5 Y Y

16 P6AS5 6 5 Y Y
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Figure 6-1: Emulsions after 1hr of incubation at 37°C with varying wt/wt% of alginate and PEQ in
standard 1.5 mL Eppendorf tubes . Rhodamine B was added to assist with visualisation of separation of
the aqueous and oil phase. Labels correspond to samples outlined in Table 1.

6.4.2 Fluorescent imaging

Fluorescent staining through the addition of rhodamine B allowed for the
observation of the porosity of the material (Figure 6-2). It was seen that all
emulsions had a porous structure but there was no relationship between alginate

and PEO concentrations and the overall morphology of the resulting emulsions.

Sample 5 % PEO with 3 % alginate (P5A3) was then used for all future work due to
its stability and lower alginate percentage. Although 5 % alginate generally
showed better stability, increasing the alginate concentration may reduce the
overall ability of cells to spread and proliferate. This is due to the increased
viscosity of the aqueous phase which is predicted to hinder the cell's ability to

spread and proliferate[153].
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3% PEO 4% PEO 5% PEO 6% PEO

1% Alginate

3% Alginate

5% Alginate

Figure 6-2: Fluorescent microscope images of 60% emulsions imaged with varying percentages
of alginate and PEO. Samples labelled with Rhodamine B and imaged at Aex550/Aem573 nm.
Scale bar at 200pM

P5A3 was then imaged with varying aqueous phase percentages to assess its
effects on the aqueous phase bead size- from this point forward described as
“pores” (Figure 6-2). All formulations produced emulsions, with a general
decrease in pore size with increasing aqueous phase percentage (Figure 6-3).
With lower aqueous phase percentages, there was a large distribution of pore

sizes compared to the higher aqueous phase percentages.
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Figure 6-3: Analysis of pore size of 3PCLMA emulsions at varying degrees of the aqueous
phase. Graph shows the mean + SD of 100 pores measured using imaged. Statistical
analysis performed using Krushkal-Wallis with Dunn’s post-hoc test for multiple
comparisons. Significant p values shown as a=0.008 b=<0.0001 ¢=<0.0001
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Figure 6-4: Fluorescent microscope images of P5A3 emulsions imaged with varying
percentages of aqueous percentages. Samples labelled with Rhodamine B and imaged at
rex550/.em573 nm. Scale bar at 200pM

Samples were left for 48 hours in EM, to allow for total elution of the PEO within
the scaffold. When imaged using confocal microscopy, 1 hour after curing, there
are discreet pores that do not appear to be interconnected. However, after 48
hours in EM, it is observed that there is an extremely interconnected and porous

network (Figure 6-5).
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1 hour post-curing 48 Hours in EM

Figure 6-5: Confocal images of 60% emulsions stained with Rhodamine B (PCLMA, red)
either immediately after curing (Left), and after 48 hours in expansion media (EM) (right), to
allow for elution of polyethylene oxide (PEO) Scale bar at 200uM.

6.4.3 Mechanical testing

Mechanical testing was carried out after 48 hours in EM, in order for the
remaining PEO to elute out. The stress-strain curves of the material with
increasing aqueous phases show the material has a large elastic region before

brittle fracture (Figure 6-6)
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Figure 6-6: Representative tensile stress/strain curves of 3PCLMA emulsions with
varying aqueous phase percentages.

Mechanical testing showed there was a linear relationship between the
percentage volume of gelMA and the resulting elastic modulus (Figure 6-6 A).
At 70 % gelMA, the elastic modulus of the resulting emulsion was increased to
0.16 MPa, compared to 3.08 kPa in pure 5% gelMA [279]. With the addition of 40 %
gelMA with respect to 3PCLMA, the elastic modulus was increased over 10-fold to
1.7 MPa, indicating that the stiffness of the emulsion was reinforced with the
addition of the 3PCLMA. The ultimate tensile strength also showed a linear

relationship up to 60 %, but with a larger decrease in UTS for 70 % emulsions

(Figure 6-7 B).
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Figure 6-7: Young’s modulus (A) and ultimate tensile strength (B) of 3PCLMA emulsions with
varying aqueous phase percentages. Results show as mean + SD (n=5). Statistical analysis
performed using one-way ANOVA with Tukey’s post-hoc test for multiple comparisons. Significant
p values shown as a=0.0028 b=0.0005 ¢=<0.0001 d=0.0153 =0.0008 f-h=<0.0001



Autoclaving of the pure 3PCLMA was investigated, to assess whether it can be
sterilised without any significant changes to its mechanical properties. It was
seen however, after autoclaving at 121 °C for 20 minutes, there was a significant
decrease in Young’s modulus of the material (Figure 6-6A). There was also a

decrease in UTS, but with no statistical significance (p=0.1549) (Figure 6-6B).
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Figure 6-6: Young’s modulus (A) and ultimate tensile strength (B) of pure 3PCLMA after
autoclaving at 121°C for 30 minutes. Results show as mean + SD (n=5) Statistical analysis
performed using an upaired t-test. Significant p values shown as a=0.0033 and ns=0.1549

6.4.4 Addition of hydroxyapatite.

HAp was added to the emulsions and its effect on mechanical properties was
assessed (Figure 6-7). At 1% HAp, there was no significant difference in Young’s
modulus or UTS compared to 0 % HAp. However, with 5 % and 10 %, there was a
large and significant decrease in both Young’s modulus (Figure 6-8A) and UTS

(Figure 6-8B)
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Figure 6-7: Representative tensile stress/strain curves of 60% aqueous phase 3PCLMA
emulsions with varying degrees of HAp dispersed within the oil phase.
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Figure 6-8: A) Young's modulus and B) ultimate tensile strength of 60% aqueous phase
3PCLMA emulsions with varying degrees of HAp. Results show as mean + SD (n=5). Statistical
analysis performed using one-way ANOVA with Tukey’s post-hoc test for multiple
comparisons. Significant p values shown as a=0.047 b=<0.0001 ¢=<0.0001 d=<0.0001
e=0.0003 =0.0002 g=0.0004 h=<0.0001i=<0.0001

6.4.5 Effects of UV Exposure on cells

The effects of prolonged UV exposure directly on the MG-63 cells were assessed,

to establish the maximum duration that the cells can be exposed without any
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adverse effects. Cells can all be seen to maintain their elongated, fibroblast-like

morphology (Figure 6-9)

Initial seeding of the cells showed that regardless of the exposure time, there
were no significant effects of UV exposure on the cell's ability to attach to the
TCP, and growth was not affected at any point in culture (Figure 6-10 A). The
culture was then carried out for a further 14 days, and the cells were assessed for

their matrix deposition, including mineral and collagen.

It was seen that after 14 days, there was no significant difference in the mineral

or collagen produced by the MG63 cells at any dose tested (Figure 6-10 A-B).

Control 15 Seconds 30 Seconds

45 Seconds 60 Seconds 120 Seconds

Figure 6-9: Light microscopy images of MG63 cells after 14 days of culture, with varying
degrees of exposure to UV. Scale bar at 500uM.
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Figure 6-10: Assessment of the metabolic activity and matrix-producing potential of MG63
cells exposed to UV for varying durations. It was seen that there were no significant effects of
exposure duration on either metabolic activity or matrix production. Results shown as mean
+ SD (n=9) Statistical analysis performed using one-way ANOVA with Tukey’s post-hoc test
for multiple comparisons

6.4.6 Cell toxicity- Encapsulation

Cell encapsulation was carried out, to assess its capacity to be used as an ink
directly for 3D printing. The results showed that cells were not able to survive 1-
day post-encapsulation in the 3SPCLMA emulsions when cultured in DMEM. In
pure gelMA/alginate hydrogels, there was a significant decrease in cell metabolic

activity compared to cells seeded directly onto the TCP (Figure 6-11).
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Figure 6-11: Resazurin assay for metabolic activity of cells encapsulated in GelMA/alginate, or
a 3PCLMA emulsion at 70% aqueous phase 24 hours after encapsulation. Results shown as
mean + SD (n=9). Statistical analysis performed using one-way ANOVA with Tukey’s post-hoc
test for multiple comparisons. Significant p values represented as a=0.0170 b=<0.0001
¢=<0.0001

Live/Dead carried out on pure gelMA showed a large number of live cells
proportionally to dead cells distributed throughout. However, on the emulsions

there was a high degree of autofluorescence from the scaffold, preventing the

visibility of the cells (Figure 6-12)
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Calcein AM/Live Ethidium homodimer-1/Dead Merge

GelMA/
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70%
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Figure 6-12: Fluorescent microscopy of 3T3 cells encapsulated in either pure
GelMA/Alginate (Top) or a 3PCLMA emulsion containing 70% aqueous phase (Bottom)
labelled with Calcein AM (Live cells) or ethidium homodimer-1 (dead cells). It is seen that the
emulsions give off a high degree of autofluorescence, preventing the observation of live and
dead cells. Scale bar at 200uM

3.11 Indirect toxicity testing

MG63 cells were seeded directly onto TCP, and the cured emulsions were placed
on top after the cells reached 80 % confluency, to assess whether the poor
survival was occurring through the encapsulation process itself, or the elution of
toxic components in the scaffold into the media. After 3 days in culture, the cells
were able to continue proliferating. It was seen that the addition of a washing
step post-fabrication did have a significant increase in the metabolic activity of
the cell by day 3 of culture, however, washing multiple times did not have any

increased significance compared to a single wash.
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Figure 6-13: Metabolic activity of MG63 cells seeded on TCP with the addition of cured 60%
emulsions directly on top. DO represents the metabolic activity of the MG6B3 directly before
the addition of scaffolds. Results shown as mean = SD (n=3). Statistical analysis performed
using one-way ANOVA with Tukey’s post-hoc test for multiple comparisons. Significant p
values shown as a=0.0048 b=0.0194 ¢=<0.0001

6.4.7 Cellular adhesion to scaffolds

Post-fabrication and curing, MG-63 cells were seeded directly onto the scaffold. It
was seen that there was some adhesion to the scaffolds, but with roughly 68.56 %

+ 4.89 of cells preferentially adhering to TCP.

Despite the lower initial attachment onto the scaffolds, the growth rate of MG63
cells between day 1 and day 7 was comparable to that of the cells seeded directly

onto TCP.

154



Metabolic activity on post-fabrication
seeded scaffolds

c 30000~ _
£ .g -~ 60% Emulsion
=
S E = TCP
n
L A
® £ 20000
© c
0o
1
@ S 10000-
@ .9
o®
S =
-
w 0 L] L] L)
N L A
) )

Figure 6-14: Metabolic activities of cells seeded post-fabrication on scaffolds containing a
60% aqueous phase in comparison to TCP, taken days 1, 3 and 7. Results shown as mean + SD
(n=6)

6.5 Discussion

The final system used for the trabecular-like structure in this thesis comprised of
3PCLMA, with 5 % (w/w) PEO for the oil phase, and with 5 % (w/w) and 4 % (w/w)
of geIMA and alginate respectively within the aqueous phase. The addition of
5% (w/w) PEO into the oil phase aimed to allow for a more interconnected

resulting porosity (Figure 6-15).

155



O GelMA aqueous phase
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\ PEO Porogen

Figure 6-15: Schematic of the final system. Green represents the dispersed aqueous phase formed of
GelMA and alginate, whilst the blue continuous phase is formed of 3PCLMA. PEO dispersed within the

oil phase acts as a soluble porogen to form interconnects between the 3SPCLMA.

Traditional HIPEs usually rely on the use of surfactants to provide the
interconnected network often observed. During the polymerisation process, the
contraction of the monomer pulls on the thin film surrounding the water
droplets between the aqueous and oil phase, causing it to be pulled apart[153].
With the absence of solvent and surfactants, it was not expected for the resulting
material to have interconnected pores. Without interconnection in the resulting
material, it would be likely that the cells would be trapped within discreet
capsules of gelMA and fully encapsulated by the 3SPCLMA. PEO, also known at
higher molecular weights as polyethylene glycol (PEG), is a water-soluble
molecule, that is approved for use in humans by the FDA [280]. PEO can then be
subsequently eluted off out of the 3PCLMA phase with washing steps, to leave a

final material with interconnected porosity.

Compared to the long processing times required to produce traditional
solvent/surfactant-based polyHIPEs, these emulsions required only pre-
sterilisation of the individual components. GelMA is able to be autoclaved

without adverse effects on its chemical structure, but with some minor
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reduction in the achievable stiffness[281]. Alginate, however, is seen to suffer
from significant changes in properties, including viscosity, molecular weight and
shear strength when subjected to autoclaving[281]. In order to achieve sterility
for alginate, sterile filtering through a 0.22 pM filter was necessary. However, due
to the high viscosity of the alginate at the concentrations used, it was unable to
pass through a 0.22 pM filter. Instead, a solution of 0.5 % (w/v) was used, then
lyophilised before reconstituting at the desired percentage. By autoclaving the
lyophilised gelMA and 3PCLMA, it was possible to ensure the sterility of all
components of the emulsion. Although autoclaving did significantly affect
Young’s modulus, it was still able to polymerise and create an emulsion with
comparable stability to the non-autoclaved polymer. Where higher mechanical
properties are desired, alternate options for sterilisation of the material may be

possible, such as UV sterilisation before the addition of a photoinitiator.

A successful emulsion was considered to have formed when mixing of the two
phases resulted in an opaque, white solution with a viscous, mayonnaise-like
consistency due to the refractive differences of the oil and water phases. Without
the addition of alginate, the emulsions were not stable, separating into two
separate phases quickly, due to the absence of a stabilising surfactant, and likely
due to the lower viscosity. In a traditional emulsion system, it is necessary to
add a high percentage of potentially harmful surfactants, to prevent the
coalescence of the phases[147], [282]-[284]. The surfactant plays a key role in
stabilising the inherently unstable system. The two immiscible phases without a
surfactant would experience too high a surface tension, and immediately
separate back out into the two phases. However, in this system, there is no
addition of a specific surfactant, yet the emulsion remains stable. With a very
viscous oil phase, as is used in this work, a notably less viscous water phase will
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not be able to be mixed efficiently into the oil phase, inhibiting stable emulsion
formation. With the addition of alginate, the viscosity of the aqueous phase is
dramatically increased. By matching the viscosity of the two phases, it is possible
to reduce the speed of coalescence, the joining of two pores to form a single pore,
through a decrease in the interfacial energy, and a subsequent increase in

stability[153].

Another compounding factor to the emulsion’s stability may be due to the
gelatin-containing aqueous phase, where it is hypothesised that gelatin may also
act as a mild surfactant. As gelatin is an amphiphilic compound, it may be used
as a mild emulsifier, stabilising through the Pickering mechanism[285].
Previously, gelatin has been successfully used both in combination with other
common surfactants such as Span 80 and Tween 80 and on its own, to stabilise
emulsions [286]-[288]. Tan et al recently also showed it to be effective at
stabilising at very low concentrations of less than 0.5 % (wt) gelatin [287]. It may
be hypothesised that small amounts of the gelatin backbone remaining in the
gelMA may be present, acting as a physical barrier between the two phases and

stabilising through the Pickering mechanism.

There was a general decrease in pore size with an increase in aqueous phase
percentage. This was an expected result, as it is largely reported that with
increasing aqueous percentage in emulsion, there is a decrease in overall pore
size[289], [290]. However, within the present work, there was a large variability
in the pore size within a single emulsion. This may be explained by the fact
mixing was carried out manually in small batches within an Eppendorf to
conserve material. There are likely discrepancies due to human error with the

shear applied to each sample with manual mixing, which may explain the
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variation of pore sizes, as it is commonly seen that increase mixing speed results

in reduced pore size of emulsions due to the increased shear energy [289], [290].

The mechanical properties of the material were generally shown to increase
linearly with increasing 3PCLMA across a range of 1.7 MPa-0.16 MPa, which
suggests the material is mechanically tuneable. This may provide alternate
applications across a range of stiffness requirements. For example, nerve tissue
has Young’s modulus of around 0.6-8 MPa, whilst cartilage production by
chondrocytes is seen to benefit from stiffnesses 20-30 kPa[291]-[293]. The change
in Young’s modulus follows a linear relationship between the volume fraction of
gelMA and the resulting stiffness. As there is no dramatic decrease in modulus or
strength even when the material reaches >50% wt gelMA, this suggests that there
is a strong interfacial bonding occurring between the gelMA and 3PCLMA
phases, likely via chemical-crosslinking of the methacrylate groups on both

GelMA and 3PCLMA.

The proposed gelMA/3PCLMA emulsions may also have potential applications
for producing scaffolds with a stiffness gradient, which has been seen to be
desirable for various applications, particularly within cartilage regeneration.
Previous attempts have been made with the use of laminar models, with distinct
layers to represent different regions of the osteochondral interface[6], [10]. Issues
arise, however, at the interfaces of these models, where discontinuities in
material properties result in stress concentrations or delamination of the layers
[138], [294]. To effectively model the gradual changes in stiffness within cartilage
tissue, it may be necessary to use a gradient scaffold which mimics the range of
continuous changes that exist throughout the osteochondral interface, such as

changes within its mechanical and/or biochemical properties. With the use of an
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ink with tuneable mechanical properties, it should be possible to print a gradient
scaffold without delamination of the layers. ILiw et al. describe a novel 3D
printing design for the simultaneous spatial control of up to 7 different bio-inks,
each with a distinct capillary combined into a single point in a print head [295].
Within the same study, the use of varying hydroxyapatite concentrations within
gelMA/alginate hydrogels, it was possible to create a near-continuous gradient
with the combination of multiple nozzles and the ability to mix and extrude

simultaneously.

Incorporation of HAp is a common method for increasing the osteoconductive
properties of a material and is very widely combined with many different
materials for uses in tissue-engineered bone biomaterials [186], [187], [192], [198],
[296]-[300]. HAp, however, is extremely brittle and alone has very poor tensile
strength. Depending on the material to which HAp is added, it may result in an
increase or a decrease in the desired mechanical properties, as this is affected by
the interfacial bond formed between the HAp particles and the other materials
within the composite [198], [301], [302]. Within the present work, the addition of
over 5% was seen to have a dramatic effect on the mechanical properties,
significantly reducing the Young’s and UTS, whilst 1 % was seen to have no effect.
A similar behaviour was observed by Hu et al, when nano-hydroxyapatite was
combined with PCL and silica to form a Pickering HIPE [179]. It is suggested that
a high proportion of HAp nanoparticles might form aggregations throughout the
material, leading to a poorly distributed stress transfer, therefore decreasing the

subsequent mechanical properties[302].

Although the addition of hydroxyapatite at 1 % wt showed to have little effect on

the overall mechanical properties compared to higher proportions, this small
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percentage may not be enough to provide any significant biological relevance.
Hydroxyapatite when combined within polymers for the goal of creating a more
osteoinductive material is generally seen in much higher proportions than 1 %.
For example, both Cestari et al and Hu et al used a 15 % wt hydroxyapatite in a
PCL scaffold with the aim to produce bioactive, porous materials for bone tissue
engineering, whilst hydroxyapatite-polyethene compounds have been shown to
have bioactive properties at around 20-30 % vol [179], [303], [304]. Choi et al
investigated a range of hydroxyapatite percentages from 0-20 % wt in PCL, to
electrospin aligned fibres for bone tissue scaffolds and reported no significant
increase in ALP at 5% wt hydroxyapatite[305]. As 1% wt hydroxyapatite was
unlikely to add any additional bioactive properties to the scaffold, and provided

no mechanical benefits, it was not used for any future investigations.

When cells were added to the emulsion, it was seen that there was no survival
from even 1-hour post-encapsulation. Therefore, it was necessary to explore the
reasons for this poor outcome. The first hypothesis was that the cells were
unable to survive due to damage caused by UV irradiation. To test this
hypothesis, MG63 cells were exposed to UV light for increasing durations of time,
before being cultured for 14 days, to assess the effects of UV on their survival,

growth and osteogenic behaviours.

It was observed that even at the highest UV duration, there appeared to be
minimal effects on the resulting survival and matrix deposition capacity. UV
exposure is known to be highly damaging to cells, causing DNA damage,
oxidative stress and protein denaturation, dependent on whether it is UVA or
UVB [306], [307]. More specifically, it is known that damage is often caused

through the gene product, the P53 tumour suppressor, which regulates the cell
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cycle and resulting damage pushes cells down the route of apoptosis[306].
However, the cell line MG-63 used within this study is derived from an
osteosarcoma, meaning that there is also a dysregulation of cell cycle
mechanism. Furthermore, within this study and in the protocol for UV curing of
the emulsions, the UV exposure is carried out through tissue culture plastic, and
within media. Although UV was calculated through the TCP, it is not possible to
submerge the UV measuring Power Puck in media. This may have decreased the
theoretical dose that the cells would receive compared to if irradiation had
occurred directly without any occlusions between UV source and -cells.
Therefore, the effective dose of UV that the cells would receive can be considered
negligible, and therefore not the reason for the poor outcomes during

encapsulation.

The next hypothesis was that the scaffolds may have been leaching toxic
components into the media. To assess this, scaffolds were fabricated and placed
on top of a confluent layer of MG63s and the effects of the scaffolds on the cells
were examined. Although there was significant a difference in metabolic activity
of the MG63 cell culture containing unwashed scaffolds compared to TCP
controls, there was still a continuous increase in metabolic activity between day
0 (before the addition of scaffolds) and day 3, evidencing that the eluting
components were not causing complete cell death that was seen during
encapsulation. Therefore, it was then hypothesised that cell death was occurring

at the point of encapsulation.

Methacrylated polymers are widely used across many medical applications, due
to methacrylation generally being seen to be well tolerated vn vwo. However,

some wn vitro studies have reported that methacrylates used for dental
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applications, such as 2-hydroxyethyl methacrylate, glycerol-dimethacrylate and
methyl-methacrylate, do show a degree of cytotoxicity[308]. Methacrylate
monomers have been seen to react with cysteine-containing residues within
glutathione, an antioxidant involved in various functions involved in tissue
repair and regulation. Glutathione prevents cellular damage through the action
of reactive oxygen species and free radicals[309]. Damage to glutathione has been
seen to result in cell damage, disrupted cell cycles, reduced proliferation and
differentiation capacities, as well as cell death[310]. However, the ability for
methacrylates to bind to glutathione varies, with some methacrylated monomers
showing little to no effects, suggesting that chemical structure and properties
are able to influence cellular uptake [308]. Once polymerised, methacrylated
monomers are unable to react with glutathione, however, there is often a

remaining percentage of uncured monomer left after photocuring.

3PCLMA pre-polymer has been shown to be toxic to cells before curing, however,
it has previously been shown that if the polymerisation occurs within 10 minutes
of exposure then cells remain viable[311]. Within the present work, it is
hypothesised that excess pre-polymer remains within the emulsion, causing

toxicity towards the scaffolds.

Although the direct encapsulation did not appear to have favourable results,
alternatively it was shown to be possible to seed onto the scaffolds post-
fabrication. The use of gelMA within the scaffold would still provide the RGD-
residues, which could provide benefits for adhesion and proliferation into the
construct. There are currently existing methods for two-stage seeding and
decellularization, including previous work in my group, to produce

“conditioned” scaffolds[147]. The first step involves seeding with a usually less

163



clinically relevant cell with high matrix-producing capacity, allowing deposition
of the matrix, before undergoing a decellularization step and reseeding with a
more clinically relevant cell line, or for direct implantation. However, this is a
lengthy and complicated process with a risk of immunogenic response with the
addition of non-human cell lines within the scaffold. These conditioned scaffolds
do show additional benefits for bone applications, however, as it is thought that
the deposited mineral provides more bioactive cues for the differentiation of

MSCs into an osteogenic lineage[147].

When MG63 cells were seeded directly onto the scaffolds, the growth rate was
comparable to that of TCP. Generally, when seeded directly onto pure PCL
constructs, extremely poor adhesion and spreading are observed, due to the high
hydrophobicity of the material, as observed in Chapter 3. The proliferative
capacity observed here may suggest an alternative, porous material that requires
minimal post-processing or surface modification. As noted previously,
traditionally fabricated HIPEs involve the use of surfactants and solvents, which
require lengthy processing via solvent washing, Soxhlet extraction and PBS
washing, to extract them, as well as further processing steps for sterilisation,
bringing the time from scaffold fabrication time to cell seeding to several days

long [147], [179], [283], [284].

Furthermore, PCL HIPEs would require plasma treatment to improve
hydrophobicity. It is debatable whether plasma treatment can effectively fully
penetrate into the pores, resulting in a construct with a variable surface coating.
Furthermore, functional groups added through plasma coating may be affected
by downstream sterilisation processes such as ethanol washes, ethylene oxide

treatment or acetic acid washing, diminishing the added hydrophobicity. Plasma
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coating may be then carried out after sterilisation, but this would no longer be
considered terminally sterilised. The construct developed within this chapter
contains the RGD-residues evenly throughout, due to the emulsified gelMA,
whilst all materials are sterilised prior to fabrication. It is therefore possible to
seed directly onto the scaffolds after curing, without any further processing

required.
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4.4 Summary and conclusions

This chapter developed a novel method for creating tuneable gelMA-containing

emulsions in a one-pot manner. Although the current work was unable to

successfully maintain and print cells within the bioink, it did demonstrate a

novel, printable material that cells can be successfully cultured on without any

downstream processing required post-fabrication. Mechanical properties of the

material could be tuned through the increasing % (w/w) of 3PCLMA.

GelMA/3PCLMA emulsions can be stabilised through the addition of
alginate to increase the viscosity of the aqueous phase.

Increasing the viscosity of the aqueous phase further stabilises the
emulsions.

Dramatic increases in mechanical properties compared to pure gelMA (or
gelMA/Alginate) hydrogels are achievable.

Tuneable mechanical properties are achievable by varying the ratio of
GelMA to 3PCLMA.

The proliferation and matrix-producing capacity of MG63 cells is not
significantly affected by UV exposure within culture media.

3PCLMA in uncured form is seen to be cytotoxic, potentially due to
interactions with glutathione.

GelMA/3PCLMA may be used as a printable ink but is not compatible in
its current state as a bioink.

GelMA/3PCLMA emulsions may have potential uses in the one-pot
fabrication of biocompatible scaffolds with minimal post-processing

required.
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7 Development of a 3D porous ink
with Minimal Cytotoxic
Components — Alternative
Attempts

7.1 Introduction

This chapter explores alternate methods of fabricating porous scaffolds that
were first attempted, before switching to the final system described in chapter 6.
First attempts at producing a porous material for use in n vitro trabecular bone
modelling also focused on minimising the need for other cytotoxic components,
as well as reduced downstream processing times. The initial method investigated
was the development of a non-photocurable Pickering-polyHIPE. This would
bypass the need for methacrylation of PCL, and remove the need for

photoinitiators, which can be seen to be cytotoxic.

As discussed in the literature review, the use of initiators, monomers or cross-
linkers used to solidify the emulsions may result in a reduction in cell viability.
Similarly, the polymer would have to be photocurable, which generally requires
chemical modifications such as acylation or methacrylation that allow for the
material to be cross-linked. As photocurable PCL is not commercially available,
it would have to be synthesised in-house. An alternate method is to produce a
polymer emulsion, or HIPE, that can be solidified via a freeze-drying process and

therefore not require any upstream modifications to make it photocurable.

Pickering emulsions were also explored, as an alternative to surfactant-stabilised
emulsions. Similar to photoinitiators, surfactants are generally seen to be

cytotoxic and therefore require downstream processing to remove them from the
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scaffold. In order to stabilise a Pickering emulsion, a stabilising particle is
required. These particles sit at the water-oil interface, allowing for protection
against coalescence and effectively stabilising the emulsion. For this chapter, the
use of hydrophobically modified nano-silica was explored, due to its general

biocompatibility, low toxicity, and being chemically inert.
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7.2 Aims and Objectives

This chapter outlines the development of a protocol for producing polyHIPEs,
directly from non-modified PCL. This would simplify the process of producing
polyHIPEs, whilst bypassing the need for photoinitiators. It also aimed to
remove surfactants through the use of Pickering particles, to further remove the

use of toxic components.
To this extent, the objectives of this chapter stand as:

1. Produce and modify nano-silica to make it super hydrophobic.
2. Investigate diluting solvents and their effects on emulsion formation
capacity and morphology.

3. Improve morphology and produce an interconnected-porous construct.

7.3 Results

7.3.1 Production of hydrophobic nano-silica

As discussed in section 1.7.2, to form Pickering HIPEs, a stabilising particle is
needed. As super hydrophobic nano-silica is generally not available
commercially in small quantities, it must be synthesised in-house. For this work,
two protocols derived from the Stober process are attempted, to form super
hydrophobic silica nanoparticles (m-SiO2). Method 1 and 2 were obtained and

adapted from Ebrahimi et al and Saeid Jalali et al respectively [184], [185].

Method 1 was found to be highly variable in the yield achieved (Figure 7-2), while
method 2 also produced very low yields of <0.5g per batch. The hydrophobicity of

the m-SiO; particles was tested briefly by adding the particles to water and
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shaking them vigorously for 10 seconds, before placing them back down and
allowing them to settle for 1 minute. It was observed that both methods
produced hydrophobic particles that would not combine with water when

compared to the industrially purchased fumed SiO; which can be seen to sink to

below the surface of the water. (Figure 7-1).

Figure 7-1: m-SiO2 made via method 1. Shows profound differences between the two
yields.
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Due to the difficulties in producing m-SiO., an industrially modified nano silica

was kindly donated by Wacker Chemie, which was used going forward.

7.3.2 Pickering emulsion solvent optimisation

W/0 emulsions were formed, using PCL in various solvents, and with silica as
the stabilising Pickering particle (Table 11). The choice of solvent is also known
to have effects on an emulsion's stability, due to their different densities and

volatilities. Therefore, a variation of solvents was explored.

Figure 7-2: Simple test for hydrophobicity of resulting m-SiO» particles. Particles
are combined with water and shaken for 10 seconds. A) m-SiO; made via method 1.
B) m-SiO2 made by method 2 C) Unmodified fumed SiO2
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Table 11: Formulation of emulsions, formed with varying solvents and % Wt of m-SiO..
Maximum aqueous phase is the maximum amount of water that can be emulsified into the
system before phase separation occurs. %silica is calculated relative to the solvent volume.
An emulsion is considered formed once it turns an opaque white with a viscous, mayonnaise-
like consistency.

Solvent m-SiO; | Emulsion Maximum
%Wt) | formed aqueous Phase

(Y/N) (%)

Toluene 3 Y 78

Toluene 5 Y 72

Toluene 8 N N/A

Chloroform 3 Y 63

Chloroform 5 Y 78

Chloroform 8 N N/A

DCM 3 N N/A

DCM 5 N N/A

DCM 8 N N/A

Toluene/Chloroform (50/50) | 3 Y 78

Toluene/Chloroform (70/30) | 3 N N/A

Emulsions would not readily form when using only DCM as a solvent, separating
immediately into two phases. When chloroform or toluene was used as a solvent,
stable W/O emulsions formed when up to 5% m-SiO; was added. At 8% m-SiOs,
neither chloroform nor toluene formed emulsions. Water was added until the

point in which it began to form a visible bead on the surface of the emulsion.
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This indicates the point at which the emulsion can no longer accept any more
water and would reach its maximum aqueous phase percentage. At both 3% m-
Si0O; with toluene as a solvent and 5% m-SiOs, with chloroform as a solvent, the
maximum aqueous phase percentage achieved was 78%, above the 74% minimum

phase percentage required to be defined as a HIPE.

The successful emulsions were then frozen at -80°C, before being freeze-dried for
24 hours. The freeze-drying approach appeared to result in a collapsing of the
pores for the majority of the samples (Figure 7-3). It did result in a rough, semi-
porous morphology for all samples; however, it did not produce “HIPEs”, due to
the visibly low internal surface areas. With the addition of chloroform, there did
appear to be more distinct pores forming compared to when toluene or
chloroform/toluene blends were used. However, due to the lack of surfactant,
these were not interconnected (Figure 7-3). The surfactant Span 80 was therefore

then added to investigate the effects of surfactant on Pickering emulsions.
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Figure 7-3: SEM images of emulsions formed with varying solvents and % Wt of m-SiO..
Scale bar = 100uM. A) Toluene with 3% m-SiO; B) toluene with 5% m-SiO, C) Chloroform
with 3% m-SiO,, D) Chloroform with 5% m-SiO2 E) Toluene and chloroform with 3% m-SiO,

7.3.3 Effects of surfactant on morphology

Chloroform as a singular solvent was used for future studies going forward, and
the effects of the surfactant, Span 80, and m-SiO; %wt on the material

morphology were examined (Table 12).

It can be seen that with both 3% and 5 %wt m-SiO,, the addition of Span 80
resulted in a more porous structure (Figure 7-4). These pores appeared to
decrease in size with increasing %wt of Span 80. At 5% m-SiO, the pores do
appear to be less uniform in comparison to only 3% m-SiO; (Figure 7-4).
However, it was not possible to accurately define the pore sizes from the SEM
images, due to the irregular morphology of the material, making pore

measurement and analysis infeasible.
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Table 12: Attempted emulsion set ups using Span 80 surfactant. Solvent is chloroform and
used to form a 10% PCL solution (Oil phase). Maximum aqueous phase is the maximum
amount of water that can be emulsified into the system before phase separation occurs.
%silica is calculated relative to the solvent volume. An emulsion is considered formed once it
turns an opaque white with a viscous, mayonnaise-like consistency.

Solvent Surfactant m-SiO; Maximum Emulsion
() (% Wt) aqueous formed
Phase (%) (Y/N)
Chloroform 0 3 78 Y
Chloroform 0.1 3 83 Y
Chloroform 0.15 3 86 Y
Chloroform 0.3 3 86 Y
Chloroform 0 5 72 Y
Chloroform 0.1 5 78 Y
Chloroform 0.15 5 86 Y
Chloroform 0.3 5 86 Y
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Figure 7-4: SEM images of emulsions formed with chloroform and varying % wt. of m-
Si02 and Span 80. A) 3% m-SiO, Scale bar at 300 uM B) 5%SiO.. Scale bar at 300 pM. C)
High magnification SEM images of 3 %wt and 5 %wt m-SiO2 emulsions with 0.3g Span 80.

Scale bar at 50 pM.

176



7.4 Discussion

The development of a Pickering emulsion that requires no upstream chemical
modifications of PCL would be beneficial within the production of polyHIPEs for
large-scale production of vn vitro chips, due to its simplicity and potential use as
a “one-pot” mechanism for producing highly porous and interconnected

biomaterials.

Hydrophobically modified nano-silica (m-SiO: ) is a commonly used Pickering
particle. In the present work, it was attempted to be synthesised in-house but
suffered from low yield and poor reproducibility between batches. The low yield
of both these methods could be explained by the nucleation process, which can
be affected by a multitude of factors. One of these is temperature, which needs to
be carefully controlled throughout the reaction[183], [185], [312]. Due to
unforeseen circumstances, the temperature in the laboratory at the time was
below 12°, making temperature maintenance difficult. Higher temperatures
result in the particle growth rate becoming much higher than the nucleation
rate, leading to coarse particles and a greater distribution of particle size, which
would be wundesirable for this work [184]. As a commercially available
hydrophobically modified nano-silica became available during this project, this

was used throughout the present work, to ensure reproducibility.

In the production of HIPEs, diluting solvents may be needed for reducing the
viscosity of the oil phase. Without dilution, the water would be unable to be
incorporated into the oil phase due to its high viscosity, inhibiting efficient
mixing. It was seen in the present work that the solvent also plays a role in the

stability and morphology of the resulting material, with chloroform and toluene
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much better supporting the incorporation of water into the emulsion. It is seen
that non-polar solvents, with a lower solubility, generally are more effective in
HIPE formation [284], [313], [314]. As DCM is mildly more polar than both
chloroform and toluene, this may be playing a role in its inability to stabilise the

emulsions.

The viscosity of the emulsion is greatly enhanced with the use of m-SiO,. Due to
this high viscosity, printing small constructs may be possible, with it able to
hold its shape for enough time to be flash-frozen within liquid nitrogen.
However, this would not be possible for more complex geometries. Alternatively,
solvent evaporation may be an alternative, where a single layer is printed and
left to be cured through solvent evaporation before the next layer is then printed
on top. This method is time-consuming, however, so may not be appropriate

when producing large constructs or for mass production.

Within the present work, the pores did not have any apparent interconnection.
In surfactant-stabilised polyHIPEs it is thought that the surfactant may play a
role in the formation of the interconnects, due to the shrinkage of the polymer
upon curing, causing rupture of the thin monomer/surfactant films in between
macropores and resulting in the interconnects sometimes observed in
polyHIPEs[315], [316]. However, others have shown it to be possible to produce
Pickering HIPEs with an interconnected structure without the addition of
surfactant. It was described that an emulsion was formed using a blend of
polymers PLLA and PCL and Pickering particles of hydrophobic nano silica and
hydrophobic hydroxyapatite and that at high aqueous volumes above 74%, thin
films of polymer were ruptured during the solvent evaporation process leaving

an interconnected porous network [316]. Alternatively Hu et atf, also similarly
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fabricated a PLLA/PCL Pickering HIPE with m-SiO2 particles as the Pickering
particle, but did not observe any interconnection of the pores[179]. Pure PCL
with m-SiO2 has been previously used by Samanta et al to produce a stable
emulsion for electrospinning[180]. However, the resulting fibres did not appear
to have a porous structure. Within the present work, 80,000 kDa PCL was
chosen, as it has been shown that high molar mass polymers should produce a
more distinguished porous morphology[313]. However, at very high volume
fractions of water required to produce a HIPE, the resulting polymer fraction
will be low, significantly reducing the mechanical properties and increasing the

risk of collapse upon drying[313].

Although the resulting material had a semi-porous structure, without larger
micropores, this may not be applicable to bone tissue engineering. The
microporosity, which would in this scenario have been formed through 3D
printing of moulding, is necessary for both vascularization and new bone
ingrowth. The microporosity then be necessary for proper cell attachment and
nutrient diffusion. The pores in the presently described material, however, are
visibly smaller than the size needed for cellular infiltration of Y201 cells, which
were seen to have an average area of 852 um? Despite this, the surface roughness
of the material may still have used as a biomaterial, with it known that surface
roughness can assist in cell adhesion, spreading and differentiation of certain

cell types [317], [318]

Various parameters such as mixing speed, polymer concentration, water volume,
solvent blends, surfactant type and stabilising particles are all shown to affect
pore morphology and size [283], [284], [313], [315], [319]. This work has shown it to

be possible to produce a porous material without the use of any additional

179



photocuring agents. With a carefully planned design of experiments, it may be
possible to more accurately characterise the effects of each of these on the
resulting morphology to produce a Pickering HIPE with a tuneable, open-pore
morphology. Due to the restrictions in geometry when 3D printing or moulding,
and the requirement for both the cytotoxic solvents and surfactants, it was

decided that this protocol would not be investigated further during the project.
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8 Future Work

8.1 Development of a lamellar-like organisation for
modelling of lamellar bone

The current proposed model used within this thesis has applications for the
study of lamellar bone formation and particularly could be of use in elucidating
the mechanisms behind how lamellar formation occurs. This could be achieved
in a variety of ways. First, a larger scale microarray analysis to explore the
differentially expressed genes known to be involved in mechanotransduction,
between Y201 cells cultured on the aligned and non-aligned fibres, as well as on
the MG-63, which were observed to have a poor organisation of collagen on
aligned fibres. Microarray analysis allows for large-scale screening of entire
panels of genes, as opposed to choosing a select few for full qPCR analysis. Any
genes or pathways that are notably different between the conditions can then be

chosen for further qPCR analysis and study.

Within the present work, the HIPPO-linked pathway was investigated, through
the examination of RhoA and YAP. HIPPO is known to play a key role in
mechanotransduction and may be activated by cell densities, and subsequently
inhibits cell proliferation by the accumulation of YAP within the nucleus. Higher
cell densities are seen within the woven bone, compared to the lower cell
densities observed in cortical, however, in cortical bone, the cells are seen to be
flat and elongated, compared to rounder/cuboidal within the woven bone. It may
be suggested that this pathway may be more strongly activated by cell

morphology, as opposed to simply density, as shown in studies by Wada et al
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[110]. They also showed the role of F-Actin in the localisation of YAP in the
nucleus, and that treatment with anti-actin drugs significantly reduced nuclear
YAP. These stress fibres may then be able to trigger polarity protein expression,
as well as trigger key differentiation pathways. YAP was seen to be upregulated
on both aligned and non-aligned fibres in this study, however, it was not known
the localisation of YAP. Further work would aim to look at this pathway in more
detail, whilst also carrying out immunolabelling of YAP/TAZ, to assess the

localisation of the molecules.

There is also evidence that the primary cilia, microtubule-based organelles play a
pivotal role in the organisation of collagen within tendon, with a singular
primary cilium per cell which is seen to align along the direction of the collagen
fibres within the tendon[320]. More recently it has also been shown that the
primary cilia are also required for osteoblast and osteocyte
mechanotransduction, alignment, and subsequent deposition behaviour[71],
[321], [322]. The primary cilia are believed to act as sensors for oscillatory fluid
flow, and it has been shown that a primary cilium is required for flow-induced
deposition of calcium matrix[71]. Oscillatory fluid flow was not used within this
work, which may also contribute to the variability within the mineralisation
seen. Primary cilia can be immunolabelled and their orientation can be observed.
It would be of interest to examine these, and their orientation relative to the

overall collagen, as well as the effects on mineral deposition.

The qPCR within the present study has a notably small sample size, due to
difficulties extracting high quantities of mRNA. Repeats of this work, with larger
scaffolds and higher cell numbers, may be one method to confirm the results

observed. Within the present work, RNeasy kits were used for the isolation of
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RNA. RNEasy is a more traditional method of isolation, using a column and
series of washing steps to capture RNA within a membrane, before eluting it in a
final step. This method is non-specific, and isolates all forms of RNA, with mRNA
being only 1-5%. Alternatively, the use of DynaBeads could be explored as an
alternative method of extraction. This involves the conjugation of magnetic
beads to mRNA via the polyadenylated (Poly(A)) tails. Poly(A) tails are generally
only seen on mRNA, making this a highly selective process. With the use of a
magnet, the beads can be selectively drawn out, before being released from the
remaining total RNA, resulting in purer isolation of mRNA. This ideally may
allow for more efficient isolation without significantly increasing the seeding

density, as increased seeding densities may affect cellular behaviour.

Further investigations on the effects of shear stress would also be of interest.
Effects of shear flow were originally planned, but due to equipment failure, were
unable to be completed. Shear stress was intended to be applied either parallel to
the scaffold’s predominant orientation, perpendicular to the scaffold’s
orientation, or with no preferential orientation, to assess any potential changes
to the resulting collagen. Bone cells experience shear stresses via the oscillatory
flow of fluid through the canalicular channel. Both substrate orientation and
shear stresses are seen to play a role in the guidance of collagen orientation, and
it would be interesting to see how it affects the subsequent layers when cultured
on aligned fibres, once the collagen is offset to the polymer fibre alignment. It
was also noted that the distance that the lamellar-like twisting occurred over
was large (30-45nM), compared to the periodicity of the wn vivo lamellae (5-7 pM).
It may then be of interest to examine whether this vn vitro periodicity may be
altered through the addition of further stimuli such as shear flow or
compression regimes. A better understanding of how to control organised
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collagen development could be an important tool for the production of more

effective drugs for the treatment of various diseases of the bone.

h-TERT Y201 was used as the model cell choice throughout, due to its
reproducibility, ease of culture and ability to differentiate into an osteogenic
lineage. However, for future models, it would be interesting to see the difference
within primary cells. Furthermore, if this effect is seen to be present within a
population of primary MSCs, it would then be worth exploring the effects of
different backgrounds and phenotypes, as well as the behaviour of primary MSCs
taken from patients within specific bone-related diseases, for example,

osteogenesis imperfecta.

8.2 Methacrylated polycaprolactone-triol and gelatin
methacrylate emulsions for the production of stiff and

porous bio-inks for use in 3D cell printing

This study demonstrated the potential for a non-cytotoxic scaffold that can be
directly seeded post-fabrication. However, more would need to be done to
characterise its capacity for facilitating osteogenesis and matrix deposition. For
this, it will be necessary to carry out longer-term assessments, carrying out
similar assays done in Chapter 3, such as Sirius red staining, alizarin red staining

and alkaline phosphatase activity assays.

The addition of hydroxyapatite within the scaffold did dramatically reduce the
mechanical properties of the material, however, it may be possible to adjust the
scaffold properties in other ways to provide it with bioactive properties or

further alter the mechanical properties. As it is hypothesised that the reduced
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Young’s modulus observed was due to hydroxyapatite aggregates, it may also be
worth exploring whether methods of better distributing the nano-
hydroxyapatite particles. The use of an ultrasonic probe to disperse the particles

evenly may be beneficial.

The degree of 3PCLMA is also seen to be tuneable. If the toxicity of the emulsion
as a bioink is caused by action of methacrylate groups on glutathione, decreasing
the degree of methacrylation may be beneficial to improving the viability of any
encapsulated cells. Furthermore, it was shown that the interactions between the
methacrylate groups and glutathione were dependent on the chemical
structure[308]. Alternate structures of PCL may be possible, including 2-arm or 4-
arm, that are also liquid at room temperature at low molecular weights, so
investigation of these may be of note. It would be interesting to repeat the

encapsulation studies, but using the different variations as described.

An alternative method for encapsulation worth examining would be to pre-cure
the cells within gelMA for a short period to form a loosely crosslinked hydrogel,
and then emulsify this within the 3PCLMA. As it was seen that 3PCLMA appears
to only be highly toxic in its monomeric form, pre-encapsulating within gelMA
may provide a temporary barrier against these monomers, preventing direct
contact. This would allow for washing with PBS to occur, to remove excess

unreacted pre-polymer.

As the material has been shown to be biocompatible, printable, and requires
minimal post-processing, it would be interesting to begin to explore 3D-printed
architectures. Further exploration into the best methods of printing, such as
extrusion, digital light processing (DLP) or stereolithography, would be of

interest. One other option to further this may be to take CT scans and translate
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these into printable G-codes that could be used to develop patient-specific

models.

Other methods of seeding, such as dynamic seeding where cells are distributed
using a flow system may be beneficial, and of interest to explore cellular
infiltration into the scaffold. Longer term culture over 28 days could then be

carried out, in order to assess matrix producing capacity on the material.

GelMA itself comes from a gelatin pre-cursor, in the case of this work from a cold-
water fish source. As this project focused on the minimisation of xeno-derived
products, it would be of interest to explore alternatives to animal-derived
gelatin. It is possible to purchase recombinant humanised gelatin, produced
using a recombinant yeast system. This is also seen to express specified
fragments of type Iol human sequence collagen. To the best of my knowledge,
gelMA has not been attempted to be synthesised with humanised recombinant
gelatins, so it would also be necessary to explore whether methacrylation is
possible, and the resulting physical and mechanical properties. If humanised
gelMA is possible, not only would this eliminate any animal-derived sources and
issues with immunogenicity, it may provide an environment that is more

representative of the physiological ECM.

Finally, #n vwo bone is generally seen to be formed of both cortical and
trabecular bone, however as previously discussed, many #n vitro models of bone
simplify these to just an osteoid-like construct. It is known that some diseases
and drugs can have differing effects on both trabecular and cortical bone. It
would be of interest to combine the cortical and trabecular phases developed

within this work to produce a bi-phasic model. Work should aim to investigate
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integrating the two layers with good interfacial bonding, to prevent

delamination.

For both constructs, it would be interesting to look for markers of terminal
osteocyte differentiation. Present work looked for early markers of osteoblast
differentiation, but over longer term culture, it would be interesting to explore
whether full osteocyte differentiation is achieved. This may be done by
examination of expression and production of osteocyte specific proteins such as

SOST, DMP1 and FGF23, through either qPCR or ELISAs[323].

Once a two-phase model has been established, there is a great degree of further
work that can be carried out. As previously mentioned, the application of
oscillatory flow may provide a further environment that closely mimics the
physiological bone. A simple rocker method was discussed previously, however
more advanced flow systems, such as the Quasi Vivo® wn vitro bioreactor, allow
for the application of oscillatory flow regimes with a more controllable shear and
flow rate [324]. This could allow for the mimicry of a more physiological shear
than is obtainable with simple rocker regimes. Furthermore, when being used as
an wn vitro model, Quasi Vivo® is a modular system, that can be connected with
other model systems in parallel. All vn viwo systems within the network would
share a singular source of media from a large reservoir, so could theoretically
interact. Since media is circulatory, it is then not changed, so the effects of

metabolites can also be observed.

As previously discussed, certain drugs are shown to have differential effects on
cortical and trabecular bone, one of which is recombinant parathyroid hormone
(PTH). In one study PTH was shown to have less substantial effects on trabecular

bone mass gain than in cortical, with the addition of loading. It would be
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interesting to explore whether any similar effects can be observed within our

developed vn vitro model.

188



Appendix

Serum-free mediums for replacement of FBS

Cells are generally cryogenically stored in a mixture of FBS:DMSO at a ratio of
10:1. FBS is used to help with cell survival and assist with their revival post-
thawing, due to its high concentration of proteins and other cell nutrients,
whilst DMSO prevents crystal formation. However, FBS is animal-derived which
as discussed previously, comes with ethical issues as well as suffering from
batch-to-batch variability. This section looks at a variety of different freezing

media which may be used as an alternative.

The freezing mediums examined were commercially available, however, they had

not been tested with the cell line currently used in the present work.
Methods

Y201 cells at passage 76 were frozen in either xeno-free (CryoStemTM Freezing
Medium, Biological Industries), xeno-free and DMSO-free (CryoSOfree Freezing
solution) or a 1:10 solution of DMSO: FBS. Cells were frozen at a density of
750,000 cells per 1ml vial before being placed in a Mr Frosty and left in a -80° C

freezer for 21 days.

After 21 days, cells were thawed at 37 °C and replated into T75 flasks. At 80%
confluency, they were replated at a seeding density of 1x10° cells per 12-well plate

and cultured for 14 days in either un-supplemented EM or OM.
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Table 13: Summary of freezing solutions examined

Freezing solution Type Acronym
CryoStemTM Freezing Xeno-free XF1
Medium, Biological Contains DMSO

Industries

CryoSOfree Freezing Xeno-free XF2
solution DMSO Free

1:10 solution of DMSO: FBS | Contains FBS DMSO: FBS

Contains DMSO

Results and discussion

After 3 days of culture, cells thawed from DMSO:FBS and XF1 had a regular,
fusiform shape in both EM and OM. Cells defrosted from XF2 showed to have a
similar shape in EM, but to form rounded nodules of cells when cultured in EM.

These continued to form throughout the culture. After 10 days in culture, the

metabolic activity of the cells showed no significant differences.

DMSO:FBS

ElVI-
0M-
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Figure 1: Light microscope images of Y201 cells
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Figure 2 Day 10 metabolic activity of h-TERT Y201 cells seeded on TCP. Results are shown as mean *
SD. n=6 Statistical analysis performed using two-way ANOVA with Tukey’s post-hoc test for multiple
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Figure 3: Day 21 collagen (SRS) and mineral (ARS) deposition of h-TERT Y201 cells cultured on TCP.

Results are shown as mean + SD. n=6 Statistical analysis performed using two-way ANOVA with
Tukey’s post-hoc test for multiple comparisons. * = p< 0.05

After culturing in OM for 21 days, there was a significant decrease in collagen
output of both XF1 and XF2, compared to DMSO: FBS. A similar pattern was also
observed in OM treated cells; however this did not reach statistical significance.
Crysofree also appeared to show significantly higher degrees of mineralisation

than the other freezing mediums when cultured in OM.

The reduced collagen deposition observed when thawed both XF1 and XF2, and

altered morphology and mineral output from XF2, suggested that cell behaviour
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was altered by the xeno-free freezing mediums. Although mineral deposition and
morphology was comparable with DMSO:FBS when frozen with BI Solutions, the
project focused on collagen deposition, so the reduced collagen output also made
it a less desirable option. From this work, it was concluded that DMSO: FBS will

be used from this point forward.
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