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Abstract

Theaim ofthis projectwasto develop threedimensional porous scaffolds which confarth

with the natural properties ofhe nativebone asan in-vitro model. This requires in depth
knowledge of the biology dhe tissue, its mophology and surrounding environmenklany
researches focused on developing techniques to produce such highly complex structures
GKAOK YAYAO (iikviBo.y I GdzNF t o062y S

This thesis explore®chniques for generatingepeatablemicro and macro porous Apé-
Wollastonite (AW?2) scaffolds using Thermally Induced Phase Separation (TIPS) methodology,
freezedryingand thena two-step heat treatment process (5°C per minute to 779°C fora 1
hour dwell, then 10°C per minute to 1235°C for-aaur dwell). Themanufacturing process

was optimized to producscaffolds with high porosit(60 ¢ 76%)by altering the heat
treatment processanalysinghe distribution of pores andevaluating the mechanical
characteristicenimickingbone for an in-vitro application Animage processing technique
was developed to quantitatively measure the pore semd its distribution within the A%
scaffolds using Scanning Electron Microscopy (SEM) images of scafigds. and closed
porosity werealsomeasured using Archimedes dysis. Mechanical properties and nutrient
diffusion (Glucose release) of the scaffolds were measured and compared against the
different scaffold fabrication processe$he scaffolds werdesigned tdoe representative of
human cancellousbone andto provde a suitable environment for cell adhesion and
proliferation of human Osteoblast Cells (HOb).

High numbeof (over 140) scaffolds were manufactured, and somege further modified by
incorporatingFused Filament FabricatigiFF printing, and the addion of channels and
grooves to further improve open porosignd media flow Both scaffold types (AW2 and
modified AW2) were investigated during 21 daysmefitrotests with human Osteoblast
cells,for cell adhesion, infiltration into pores and growdlgainst the controlsBoth groups of
scaffolds were suitable for nutrient transfer, promoted cellular adhesion (Actin), cellular
interaction, extracellular matrix formation (SEM and Energy Dispersiag Xpectroscopy),
and proliferation (Presto Blue).

In conclusion the AW2 scaffolds and modified AW2 scaffolds were successfulim the
vitro tests, the porosity and ability to allow for cét-cell interaction enabled Osteoblast
growth and extracellular matrix formationfFurther investigation is requed to determine if
these scaffoldsan potentially be used as amvitro model for disease modelling and drug
testing.
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Chapter X ProjectAims and Literature Review

Aim and Objectives

The aim of this study was to generater@peatable manufacturing process to obtain
structurally stable porous Apatité/ollastonite (AW) scaffolds to replicate bone morphology
as anin-vitro model. The AW halseen largely studied and has been used as a successful

materialfor Tissue Engineering applications.

These scaffolds are requiréd be suitablefor adhesion, and proliferation ddsteoblast cells

andenable biomimicryof the bone environmenby producng a new extracellular matrix
Thefocus of this part of the research is

1 To establish and optimise a method for producing porous scaffolds manufactured from
AW2

1 Create a methodology fautomaticallymeasuring pore size using Image Analysis.

1 Analyse the scaffolds in terms of mechanical properties, open/closed porosity, nutrient
diffusion, pore size and its distribution for suitability of the scaffolds for tissue
engineering

1 Also analyse the micro and macropore sizesin relation to scaffolddesign and
manufacturing procestor optimizing different steps of the scaffold fabrication process.

1 GQeate an evaluation matriwith all the major factors analysed to allow simple selection
of most suitable scaffold fan-vitro testing for bone replicabn.

1 Present all theimportant factors which were critical for scaffold manufacturing
collectively intwo evaluation matrces,to simplify evaluaing the scaffolds usingand

choosinghe most suitable scaffolthanufacturing proces®r bone tissuegrowth.
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Introduction

Thisthesisdescribes the main steps required to prepatassceramicmaterial and optimise
a scaffold manufacturingechnique and investigate these scaffolds-vitro using human

osteoblast cells to establish thsuitability of scaffold¢o replicate boneas anin-vitro

model. This includes optimisg the dioxanewater concentration, choice ofloud point
temperature,in addition tothe two-step heat treatment process faintering for Apatiteg

Wollastonite2 (AW2) Scaffolds.

Thebasisof the manufacturingmethod is based owptimisationof the processto produce
porous AV scaffolds usinghermally Induced Phase Separation (T|R8gre temperature
differences resultn changesf material characteristics (Yang et,&2006). The Thermally
Induced Phase Separation methadd sintering regimes allow for porouemponentgo be
produced. The polymer (Poly Lactic Acid (P{@Qarino and Ambrosio, 201@)dissolved in
a solvent system (Dioxarand Water) to promote phase separati¢ghla and Zhang, 2001,
Hua et al., 2002, La Carrubba et al., 2008 AW2 powder isthen added to the polymeric
solution tofacilitate theformation ofstructurallyrobustsaffolds. After thisapplication, the
slurry content is frozen, freezéried, and placed in a furnace to buout the polymer to leave
a mechanicallyrobust, porous and roughglassceramic scaffold resembling bone
(Toumpaniari, 2016) A scaffold is mechanically more robust if gsmpressive strength is
high, the process isansidered more repeatable if itstandard deviations (STDave less

variations

There are many studies using Apatidollastonite (AW) powder within scaffold fabrication
(Kokubo et al., 1982, Kokubo, 1991, Sautier et al., 1994, Yamada et al., 1994, Fujita et al.,
2000, Rea et al., 2004, Teramoto et al., 2005, Dyson et al., 2007, Zhang et al., 2009, Lee et al.,
2015, Toumpaniari, 2016, Mancuso, 20Iiziadek et al., 2017, Tcacencu et al., 2018,
Fernandes et al., 2018, Rodrigues, 2018, Turnbull et al., 2018, Melo et al., Ze1@paniari

(2016) and Rodrigues (2018) have previously used Apatdkastonite 1 (AW1) powder with
compositiond.6% MgO, 44.7% CaO, 34%S16.2% FOs, 0.5% Cafand showed that particle
sizex20¢ 53 um produced promisingesults. For this studyApatite Wollastonite2 particles
(AW2)with a composition 08.68% MgO, 44.81% CaO, 35.49%,3i047% §0s, 0.19% Cal

0.02% SrO, 0.09% F., 0.14% Az and a particlerange of 20¢ 53 um was provided to

exploreits potental and optimise theprocess considering thgreviously investigadn using
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AW1 and differentPLA and Dioxane concentratiofiumpaniari, 2016, Rodrigues, 2018)
AW2 is made using a different manufacturing process (confidential process by Glass
Technologies Services, GT&8g0 has a differentomposition to other AW glasses and
therefore behaves differently.Investigationwill be carried out to illustrate howthe heat
treatment process oft 3 NSpans PLAAW? scaffolds) that are produced using TIPS
behave when manufactured withspecific concentrations of dioxanewater. Each
concentration ratio of dxanewater and two-step heat treatment procesgproduces
scaffolds with differenporosities, interconnectivity, and pore distribution, which will then be
analysed to identify the mossuitable scaffoldfor bone tissue growth. This technique is
utilised to fabricate scaffolds with the desired morpholpggpd can potentially be scalable
for the fabrication ofscaffoldsof sufficient quantity and quality. The process canfine-
tuned to produce scaffolds with the appropriate morphology and structure for tissue

engineering.

Porous AW scaffolds were developed using Thermally Induced Phase separation with
different heat treatment cycles to obtaipores with different sizes and distribution3.he
effectof dioxanewaterconcentrationdoud Point temperatue, cooling methodof moulds,
sintering temperature, dwelling time and A/jarticle behaviouon scaffolds was examined.

The effect of thetwo-step K S & GNBF GYSyd LINRPOS&a 2whas GKS
analysedfor porosity usingScanningHectron Microscopy (SEM), Archimedgsrinciple,
nutrient diffusion, compression andchageanalysis.The methods section details the methods
used to perfom the analysis of the scaffoldshich follows with the Results and Discussion
sectionthat examineghe suitability of theporous AW2scaffolds for cell attachment and
infiltration. Two evaluation matricegresent theresults of each study performed dag
scaffold manufacturing process. The matrices are designed to represent the results and

discussiorboth qualitativdy and quantitativéy.

The next step of this thesis focussas further improving the interconnectivity of the TIPS
manufactured AW2 schdflds (optimised AW2 scaffolds) by exploring modifications at
different stages of the manufacturing process. The established TIPS method was altered with
addition of 3D printed parts (using Filament Fused Fabrication printers) which would be
removed prilJ 12 &AYUOGSNAY3I 2N WodzNYy G 2dzi Q RdzNA y 3

freeze drying, and postintering were investigated further with the repeatable method
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determined. The modified AW2 scaffolds underwent validation using scanning electron
microscopy, open/closed porosity and mechanical testing. The modified AW2 scaffolds and

original AW2 scaffolds were investigatedvitro.

The final step of this thesis focusses on analyldimgran Qteoblast cell adhesion, infiltratign
viability, proliferaton and differentiation.Human Osteoblast Celgere usedto assess the
suitability ofthe AW2scaffolds to mimic the bone environment. This step requirde
appropriateproceduresto be employed t@repare both the Osteoblast cells and the scaffold
to enablethe tissue engineeringFurther investigation into cefproliferation, viability and
differentiation overa period of 21 days waken required as extracellular matrix formation

Is determined by poresize,which enables the transfer of nutrients and waste, migration,
distribution, attachment angroliferation of cells within the scaffoldOh et al., 2007, Oh et
al., 2014) Further tests were performed to establish the level of cell adhesion, in addition to
cell proliferaton and viability on scaffolden the first 48hours andsevendays respectively.
The resulsof these investigationaidunderstandng ofthe suitability of the scaffolds anin-

vitro modelfor future boneregeneration. Evaluationof cell morphologyisassessed by SEM
imaging and viability via confocal microscopy. Osteoblast cytotoxicity assessment and

adhesivenesss also evaluated

This thesis is organized as follows, Chapter 1 and Chapter 2 focushs &Ww2 scaffold
manufacturingorocess and stepased to optimize therocess. It includes a novel image
processing algorithm used to measure pore sizes and a new technique for measuring porosity
based orArchimedes technique.Chapter 3 presentsthe results of AW2 scaffold
manufacturing processan ewaluation matrixand concluding remarksChapter 4 proposes
techniques to improve interconnectivity of scaffolds and presents results of two main
techniques, imposing interconnectivity during manufacturing process and adding
interconnectivity to theAW2saffolds labelled as modified AW2 scaffoldShapters focuses

on designing cell culturestsand methods usedor the in-vitro evaluation The results oiin-

vitro tests are presented in ChaptBwhere thesuitability of scaffold¢both optimizedAW?2
scaffolds and modified AW2 scaffoldswere evaluated based on analysing cell
proliferation during21-days cells cultureT he suitability of the scaffoldss a potentialn-vitro
model werealso compared against each other with conchgli remarks in

Chapter6. Chapter 6 outlines the outcomes and novelty presented intthesis.
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1 Literature Review

Bone has the capacity to sdléal and regenerate itsefurnbull et al., 2018however many
acquired pathologies including trauma, arthritis, and neoplasm leave patients with bone
defects requiring subsequent medical intervention. Interventions include bone grafts,
implanting metal substitutes or bone substitute materials to stimulate bone regeneration or
aid with stability(Ashman and Phillips, 2013, Thaller et al., 2014jis makes bone one of the
most commonly transplanted tissues, with over fomillion related operations annually
(Greenwald et al., 2001, Brydone et al.120Turnbull et al., 2018, Jodati et al., 20Z0here

I NE aA3IyAFAOFyi f AYAIGIl (rdpiast or arficialzinplayitawhich G A Sy
has resulted in many researchers investigating alternative methods, with specific attention to
making scaffolds that closely mintiee highly complex structure of natural boas anin-vitro
model (Turnbull et al., 2018) Bone is a composite material consisting ofitmxyapatite
mineral, a mixture of organic materials including lipids, type | collagen anecoiagen
proteins and wate(Young, 2003, Boskey, 2013)arieties of bioactive ceramics and glasses
are widely useés ann-vitro model forhuman bone growth. These materials have particular
propertiesthat encouragedirect bonding tchuman tissues by interfacial reactionBioactive
glassceramicssuch asApatite-Wollastonite (AWgre promising biomaterialghat represent
mechanical properties comparable to bomeéth high bioactivity(Kokubo, 1991) Apatite-
Wollastonite has been clinically applied in spinal applicaticarsd iswidely considered an
excellent candidate material for personalised bone iampt (Velasco et al., 2015which

morphologically represent bonéracture (Henkel et al., 2013)

To create ann-vitro model of bone the material used for fabricating scaffolds should be
biocompatible, nontoxic(lack of cytotoxicity, easy to manufacture biodegradable,
osteoconductive mechanically strong, and should elicit negligible immune resp{degd,
2002, Dong et al., 2009, Bose et al., 201R)jodegradability of scaffolds should be consistent
with the level of cell differentiation; otherwise mechanical failure can occur if degradation
occurs too quickly or too slow{ffurnbull et al., 2018)The manufacturing process should be
optimised to produce scaffolds with appropriate porositygood level of interconnectivity
between poresalongwith a suitable range of pore sizesd distribution. The process of

scaffold fabricatiorshould be simplend repeatable.Optimaly designed scaffoldshould
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enable cellular interactions, differentiatioand bioactivity, all to enablsignallingbetween

cellsto promotetissue regeneration.

To fabricate a suitable scaffold, it is essertbansurethat both the pore size and distribution

of pores are sufficiently balancetb retain adequateporosity ard interconnectivity, whilst
maintaining structuraktability within the scaffoldNordin and Frankel, 2001, Gervaso et al.,
2016) A scaffold is deemed structurally stable if no powder residue remains upon handling,
and no disintegation occurs when placed in a liquid. This is especially important during the

cell test phase of the study. Stability and integrity will be discussed in the discussion.

Theinternal structure ofscaffolds is vital for cellviability, proliferation andenmuraging
differentiation and fostering tissue growthAn interconnected pore structuraith a high
overall porosityallows for diffusion of nutrients and oxygen into the scaffold, and diffusion of
waste outside of the scaffold. High porosity and interoectivity aid advanceell migration
and improve the available surface area necessary for binding cells to the scaffold surface, and
also facilitate interaction with neighbouring tissu@ltinger et al., 2001, Hing et al., 2004,
Hing et al., 2005, Loh and Choong, 201S3affolds with highetiotal porosity should lead to

a scaffold with largeinternal surface area enablingetter cell adhesion and proliferation
Suitable pore sizes produdbe necessarypore volumewhich enables the scaffold to
accommodate aradequate supply of cells to aid modelling of the bone environmeft.
compromise that needt be considered whefabricating scaffoldselates to the fact that

an increase in porosity is usually associated with arebese in mechanical stability and
compressive strengthhat results in increasedifficulty of scaffold manufacturand stability
during handling O'Brien et al., 2005, Loh and Choong, 2013, Gleeson et04Db, Prasadh
and Wong, 2018)

Many techniques for measuring porosity have been proposed to represent the
microstructural characteristics of scaffol@&mziane et al., 2017However, researcinto
pore size measurements in scaffolds remains at its infanityh the majority ofpublished
techniguesemploying manual measurements froimages to estimate pore sizesnd

distribution (Lo Re et al., 2015, Roohdtsfahani et al., 2017)

Toumpaniari (2016) developed two methods of fabricating scaffolds using AW1. The first

method included the casting of dry ceramic powders with a 3D prirffaded Filament

24



Fabrication (FFF) core mould. This consisted of loose powder combined with FFF negative
and FFF core moulds. However, the scaffolds eittedlgpsed or fractured during the

sintering process, making them unsuitable for implant applicatidime second method was

based on sintering of green parts that had been produced by TWw&different AW1 particle
rangeswere explored 2 0> Y |[-ypR>pym = t[! b S5AZ2ElIYS b ! 2w
at 40°C for 2 hours prior to being placed into peated and subsequently into precooled

moulds to eventually produce a freeze dried green part, which was then sintered at 1150°C,

see Chapter 6.2 diToumpaniari, 2016pr details. Analysis of total porosity was presented
dzaAy3a | NOKAYSRSAaQ LINAYOALX S K2gSOSNE 2LISy
evaluated from SEMriages rather than quantitatively (See 3.7.ZToumpaniari, 2016)The

mSI adzNBYSyd 2F LI2NBE aiAi Sa 2N RAAGNROGdziA2Yy 2
(2016) study, which makes it difficult to evaluate the suitability of the scaffolds for bone

modelling.

Within this chapter, the cloud point temperature was also investigated, along with the ratio

of dioxane:water and their effects upon the porosity and mechanical stability of scaffais.

such, a thermally induced phase separation (TIPS) techm@seised in conjunction with

Hot Stage Ntroscopy (HSM) to determingptimum AW2 powder processing antivo-step

heat treatment process (includirginteringtemperatures) It alsopresens adetailed analysis

of open porosity and distoiution of pore sizes, whichllows for the selection of the most
suitablescaffoldfor the requisite application, in this casissueSy IA Y SSNR-FRHGI BFQ | Y
model. Details of the novelmage processingechniqueare presentd for quantitatively

measued pores sizesand the rumber and distribution of poresn the scaffoldsScaffold

Requirements

A key element in tissue engineering is the scaffold, since it enables the fabricatidriiobhr

tissue that mimicsiatural bonetissue. Bone saffolds usually have complex struogs with

a low density due to the need for high porosityhich is essential foproviding a suitable
environment for cell attachment, proliferation, andifferentiation (osteoinduction &
osteoconduction)Edalat et al., 2012, Poloorrales et al., 2014) The scaffold should also
supportother biomolecules thawill eventuallyenhance the formation of new tisstié-@ A (i N2 Q
or in the human bodyiii-vivo. The scaffold should 1fil several requirementsncluding:

biocompatibility, ease omanufacture, osteoconductivitynon-carcinogeniity, nontoxidty
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(lack cytotoxicity) mechanical strengthand non-antigeniaty. Optimal conditions should
enable cellular interactions, diffentiation, bioactivity, and activation of signalling molecules
that promote tissue regeneration. Besides the biomaterial issues, the structuredan
morphology of the scaffolds aneery important. Scaffoldsshould ideally be highly porous,
with suitable pore sizes, pore shapes angore distribution. They should also have
interconneced pores to allow for vasculaaton, nutrient transfer, and waste removal
These are all important aspects as they are all usually linked, and modification of ons®f the
parameters during manufacturing typically affects theaffold propertiegNorman et al.,
1994)

Once scaffolds have been preparether inorganic materials can be incorporated to enhance
the chemical propertiesf the scaffoldssuch ashe incorporation of growth factors and other

biomolecules to aid with the cell componefMartinezPérez et al., 2011)

The effect of interconnections on osteoblast cell behaviowrevstudied on calcium
phosphatebased scaffolds with thpore interconnection sizes ranging from fuéh ¢ 100pum
(Lu et al., 1999)The penetration of cells was studiedn thesescaffolds atl4 days and 28
days the results confirmed that osteoblast cells can penetrate within the different
interconnection sizestudied,andwere able tafully colonise and proliferate sde the pores,

with 40 um being the most favourable sifleu et al., 1999, Perez and Mestres, 2016)

The next step othis thesis iso grow osteoblast cells on these porousadfolds with the aim

of optimisng the process to stimulate bone generatioBuch experimentationvill help to
establishthe potential use of these scaffolds asin-vitro modelto replicat the bone tissue
environment. Methodsfor tissueculture were designed and are presentedhapter 5 In-
Vitrotests with Porous ScaffoldsThis includes sterilization, using resazurin and resorufin for

cell viability, livedead test and also establishing calibration cur{i@iwieto and Sassi, 2015)

Thisthesiswork can be extended to the addition of chondrocytes on the scaffolds as the pore
sizes are within the suitable range for chondrocyte differentiation which should have rich
productions of collagen Il and Glycosaminoglycan (G&Gifon et al., 2006)The study by
Griffon et al, showed that after 4 weeks in a bioreactor, the scaffolds with the pore siges 70
-120um and 1@m - 50um had chondrocyte differentiation compared to M, this was due

to improved diffusion of nutrients and cells within the scaffo(@siffon et al., 2006)
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1.1.1 Pore sizes

Pores are crucial for bone tissue formation as they allow the transfer of nutrients and waste,
cell infiltration, atachment and growth within the scaffol(Dh et al., 2007, Gariboldi and
Best 2015) However, the integrity of the internal matrix is also vital, even with a high overall
porosity, cellmigration can be impeded if the pores are not connected (closed pgtes)

and Choong, 2013)Both the pore size and porosity, which facilitates cellifexation and
differentiation, are essential parameters in the formation of new tissue as they have a direct
impact on the spatial distribution, location and mass transfer of cells, nutrients, oxygen and

waste metabolic products.

Pore size isalculated as the area of void space between solid materials and can be calculated
in metric wnits using high resolution SEMbome studiegndicate thatscaffolds with a pore

size between 10Qum to 350 um promote osteogenesigHulbert et al., 1970, Story et al.,
1998) and for scaffolds which are not subject to mechanical loads the porosity should be
between 50% to 90%(Whanget al., 1998, Akay et al., 2004, Loh and Choong, 2l3)
replicate bone The recommendecdorresponding pore sizes différetween authorsfor
different applicationganging from; 15@ 600 um (Zeltinger et al., 2001100¢ 400um (Burg

et al., 2000)300¢ 400 pm (Tsuruga et al., 199,7200¢ 400 pm (Holmes1979), 400c 1200

um (Hollister, 2005andover350um (Karageorgiou and Kaplan, 2008)ther studiesshow

that the minimum pore size for significant natural bone tissue ingrowth is betweems
100um (Hulbert et al., 1970, Klawitter et al., 1976, Murphy et al., 20%)h the optimal
range being 10@ 135um (Maquet et al., 2000, Murphy et al., 2010Fonsileration should

be taken for micropores (75 um) that are essential for proteadsorptionand cell adhesion
(Ranucci and Moghe, 1999, Gentile et al., 20a8)he nominal size o& canaliculi diameter

Is approximatelyl um (Marieb and Hoehn, 2007, Shah et al., 2016)annah et al. (2010)
studied the size of lacuna in human bones and concluded that the weresapproximately
Hnn 3k o ABoydeYl972, Hannah et al., 2010)hereforejt can be concluded that
pore sizeof20> ¥ -0 n 2eovild be suitable for cells to t@tch fully and allow for nutrient

flow.

Lee et al used pre-osteotastic cell line M3T-E1 on 3Eprinted scaffolds and showed that a
pore size of 500m had barely any cells after sevdays in culture, and concluded that the

pore size was totargefor cells to interact with the scaffdland each othemunder staticcell
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culturing conditiongLee et al., 2010)The 50Qm pore size did aith cell infiltration, though

did not promote cell adhesion of the prsteoblastic cell§Lim et al., 2010, Lee et al., 2010,
Perez and Mestres, 2016) G dzZRAS&a o0& hQ. NASYy SiG | f Zud2y Of dzf
showed significant viable cell attachment for osteoblast cells, than those with a larger pore
size of 15Qm (O'Brien et al., 2005)Despite the research having been conducted both
experimentally and computationally, the optimum porosity and pore size for bone regrowth
remains unknown, which is likely be due to the multivariable completxre of scaffolds

(their biocompatibility and structure) combined with the complexity of the process of bone
regeneration. Osseous tissues boast a biomorphic pattern, characterised by curved surfaces
and cross sections, different pore shapes and semgdthe ability to replicate osseous tissue
morphology is very compleBarrére et al., 2008) Thus demonstrating thgiore size and
porosity are fundamentalo the geometric features in bone regeneratipas they directly
contribute to the amount of tissue growtht can be concluded that scaffolds with higher
porosity with both small and large pore sizes, and a higher rarmobpores with adequate

mechanical strength are more suitable for bone tissue regeneration.

Bose et al. (2003) found that pore volume percentage (used as a measure of porosity) affects
the compressive strength of porous ceramic scaffolds, they repatedmpressive strength
range between 0.2MPa and 1.8Mpa depending on pore sizes and porosities (pore volumes)
of between 29% and 44%. It was found that porosity had a npoodound effect on
mechanical properties of the particular ceramics (TCP, tricalphuwsphate ceramics), where
compressive strength decreased significantly with an increase in po(8sise et al., 2003)

The pore sizes within thsamples varied between 3@ and 48@m, but there was no
conclusive evidence that cell growth behaviour was affected by pordBo=e et al., 2003)

This research shows that there is a need for further investigation into the relationship

between pore size and cell growth behavigBose et al.2003)

As reported throughout this studyesearcter haveshownthat scaffolds with very diverse
range of pore sizelsave been successfully usid bone generatiorboth forin-vitro and/or
in-vivoapplications The pore sizes range from nanometreled@ millimetre scale, most of
GgKAOK | NB 0Si9¢SS§agoaetay, 2002 Raamavaraporn et al., 2011,
Grafahrend et al., 2011, Clafshenkel et al., 2012, Li et al., 2013, Shuai et al., 201Buyéari
etal., 2013, Gao et al., 2014, Pdlorrales et al., 2014)
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1.1.2 Micro-porosity

Microporosity is defined as pores with sizes ramgfrom a nanometre scale up to 1
(Perez and Mestres, 2016Microporosiy is a significant contributor to enhancing the ability
of cells to attach, proliferate and differentiate, and the osteoinductivity of scaff(Résez

and Mestres, 2016, Zhang et al., 2Q18)d also plays a vital role in overall baageneration
(Perez ad Mestres, 2016) Microporosity within a scaffold, arnghrticularly on the surface of

a scaffold, enhances the surface area which can improve permeability of scaffolds, provide
more protein adsorption sites and subsequently increase the osteoinductivity of the material
as this stimulates the osteogenielated functions of cell§Hing et al., 2005, Rouahi et al.,
2006, Polak et al., 2013, Rarand Mestres, 2016, Zhang et al., 201Bermeability affects

the fluid flow and the new tissue ingrowth, it is estdt of a combination of factors including;
pore size and distribution, por@terconnectivity(open porosity), and pore orientation with
respect to the scaffolfManassero et al., 2016)Total porosity is defined as the sum of the

openporosityand closed porosity

Biomaterials such as hydroxyapatite (HA) are required to be porous-favobone growth
(Tsuruga et al., 199/7and contais a highporosity for cell seeding foin-vitro applications

(Jun etal., 2007, Frohlich&it, 2008) Rouahi et al, found that microporous HA (median pore
size of 0.4m and 12% open porosity) adsorbed 10 ésnmore proteins (in particular
Fibronectin and Albumin) than nemicroporous HARouahi et al., 2006, Zhang et al., 2018)

It is suggested that micropores can induce capillary forces, which aid in anchoring of the cells
to the substrate surface but can also cause the cells to become deformed by drawing them
into interconnected micropores smaller than the cell itg€lblak et al., 2013, Oh et al., 2014,

Zhang et al., 2018)

Polak et al. (2013) hypothesised that in both macro/micro poresssatling that is driven by

a capillary force may be the basis of this advancemamd,with these presented experiments
and a mathematicabased model to support their proposed hypothesis. Polak et al. (2013)
demonstrated that capillary forces in micropores (B ¢ 50 um) draw cells through the
microporous network withinterconnections that are smaller than the cell diameteolak et

al., 2013) They suggest that microporosities can be tailoredptimise cell infiltration into
scaffolds with certain cetlypes in mind. This important design feature can be utilised for

controlled release of drugs-vivo (Polak et al., 2013)Polak et al. (2013) highlighted that

29



bone scaffolds that are Cdfased which contain macroporosities of more than 100um, along

with microporosities of 5um to 50um have been identified as improvimgivo bone
formation, compared to macroporous scaffoldsThey have also, in relation to bone
regeneration outperformed microporous scaffolds which contained BMRN earlier study

showed that smaller pore sizes are better for osteoblastic adhesiorgledimg that pores of

bp>Y I NB 06SGGOGSNI F2NJ AYAGAL f (OBfei et 8.K2905 yPérezii K | y
and Mestres, 2016)

A high microporosity, however, can have a negativedotmn the mechanical properties of

I a0l FF2fR & AlG gAftf FFFSOG Ada adAFT¥ySaas
to keep its shape and provide necessary structural support for bone formgfiamco et al.,

2010, Zhang et al., 2018Higher porosity is known tee more suitable for tissue gwth and

it is recognised that a porosity of around 70% for AW scaffolds are suitable as an artificial

bone substitute(Teramoto et al., 2005)

1.2 Biomaterials for bone tissue engineering

Over the past few decades, numerobi®materials have been investigated 8D scaffolds
relating to bone tissue engineering. Biomaterials hlbeen developed to represent both the
cartilage and the bone component of joints (osteochondral model). These materials fall into
multiple categories, synthetic materials, metals, ceramics, gels, natural scaffolds (corals) and
plastics/polymers, some of vith have received morattention than others(Hollister, 2005,
PoloCorrales et al., 2014)Some material manufacturing routes are more ceffective,
scalable, easier to source, whilst others are more versatile for scaffold fabrication and have
specific characteristics that make them more suitable to particular applicatiohsese
characteristics play an important role in the selection of biomaterials and the choice of
scaffold fabrication processA brief overview osomebiomaterials including biopolymers,

and biocerant materials used for scaffofdbricationfor bone generation are presented.

1.2.1 Biopolymers

Biopolymers can be classified into two groups: naturally derived polymers and synthetic

polymers. Naturally derived polymers include polysaccharides, such as chondroitin sulphate,

starch, chitosan, alginate, hyalur@racid and cellulose, and proteins, such as fibrin, collagen,

gelatin and silkRezwan et al., 2006, Peliorrales et al., 2014)Natural polymers tend to

have hydrophilic surfaces that encourage cell attachment, proliferation and differentiation,
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although they have limitations usually associated with the lack of mechanical properties
required for bone saffolds. There are five different types of collagen found in the body
(Types | to V{Goonoo et al., 2014) [ 2t €1 3ASy GeLlS LI Aa yI GdzNY
cellular matrix and is commonly used in collagen sponges for bone applications. The collagen
sponges are biocompatible as well agdegradable, though lacking the mechanical strength
required for invivo applications, making bone scaffold applications limitdd et al., 2005,
Harley et al., 2007, PolGorrales et al., 2014) Collagen has been modified with different
materials to enhance its mechanical propes with some success reportd®'Brien et al.,

2007, Serpooshan et al., 2010, Xu et al., 20Hb)wever, there are several issues associated
with collagen: cost, solubility, and a lack of commercial souiGéseson et al., 2010, Pilia et

al., 2013, Pol€Corrales et b, 2014)

Synthetic polymers have also received great attention and they have become the largest
family of biopolymers. The physical and mechanical properties of synthetic biopolymers are

more predictable and reproducible, in comparison to nmatubiopolymers(Gleeson et al.,

2010, PoleCorrales et al., 2014, Hajiali et al., 2018) further advantage of synthetic
biopolymers is the high control of impurities and large scale commercial manufacture,
reaulting in high reproducibility, as well as cost efficief®gzwan et al., 2006)Amongst

synthetic biopolymersaliphatic polyestersike polylactiaacid (PLA), polglycolic acid (PGA)

poly lacticcoglycolide aciqPLGAand polycaprolactone (PCL) are the most commonly used

for tissue engineering applicatiorfslutmacher, 2001) These polymers degrade within the

body, and their gradual degradation results in tthegradationproducts being reraved via

natural metabolic pathwaysThreedimensional scaffolds made from these polyesters have

been fabricated through numerous techniques individually (e.g. 3D printing) or in conjunction

with other materials (such as cerami¢k) and Chang, 2004, Navarro et al., 20Blaker et

al., 2005, Charlesharris et al., 2007, Tsigkou et al., 20%8yious research has identified that

Ff SN GA2ya Ay GKS LRfteYSNRa Y2t SOdz I NJ 6SA 3K
YR YStUAy3a LRAyGa €t LIXFe F LINI Ay (GKS &
properties (Maquet et al., 2003, Rezwan et al., 2006, La Carrubba et al., 2008, Yang et al.,
2008, MartinezPérez et al., 2011, Razak et al., 2012, Li et al., 2013, Toumpaniari, 2016,
Barbeck et b, 2017, Burton and Callanan, 2018, Abbasi et al., 2020)
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Polylactic acid (PLA) is likely to be the most widely used polymer for tissue engineering and
biomedical applicationgWim et al., 2010, Flynt, 2017)PLA is a biodegradable material
commonly made from lactic acid; Wallace Carothers in 1932 first polymerised lactide to
produce PLA, this method was later patented by DuPoa®v(Carothers et al., 1932, Wim

et al., 2010) PLA is available in botbwt and highdensity,with high-density PLA primarily

used in biomedical arealue to its ability to be safely absorbed biologically.

PLA is made with two possible neaftals lactic acid or lactide. PLA is manufactured from
renewable sources and is compostable which addresses some problems with waste disposal
and reduced dependence from petroledibased raw materialsPLA is made using a three
stepprocess: the first step includes biosynthesis of lactic acid from starchjtheonversion

to the dimeric cyclic ester of lactic acid (lactide), then romeningpolymerisation of lactide

to convert it to polylactic aed. The laststep requires a catalyst, heat and a metallic
compound as catalyst. Lac#cid is a chiral molecukbat exists agswo optical isomers, L
lactic acid and Bactic acid, with the iisomer being the most common in living organisms.
The D-configuration polaries light tothe right, whereas the_-configuration whichis also
optically active polarss light to the left, as depicted Figurel-1. Having twostereasomeric
forms givesrise to four morphologically distinct polymeitsose beingd-PLA, tPLA, DAPLA,
and mesePLA. D-PLA and PLA(stereoregular polymedswhereasD,L-PLA is the racemic
polymer obtained from a mixture of-and lactic acid, anchesoPLA can be obtained from
D,Llactide(Rezwan et al., 2006, Razak et al., 20G3nerally, {PLA is more frequently used
as L-lactic acid is a naturally occurring stereoisomer of lactic acid found in nature and is
preferred due to itshigh mechanical strength and toughneg¥ainionpda et al., 1987,
Gogolewvki, 1992, Gunatillake and Adhikari, 200%)etails of this process could vary
depending on the manufacturer of the produadt) this study thePLAused wasfrom
NatureWorks, Ingeo (4032D PLA) which has a melting point betd®e&¢C ¢ 180°C and a
glasstransitiontemperature(Tg)of 55°C ¢ 60°C (Kmetty and Litauszk2020, NatureWorks,
2020)
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Figure 1-1: A) Stereoisomers of lactic acid and B) Rimgening polymerisation of lactids
Adapted from (NPTEL, 2014).

Implanting polyesters alone for bone replacement may have its own set of issues, as the
degradation products promote increased acidification of the surrounding environments and
this can increase the degradation rate of the polyestergurn influencing an inflammation
response from the surrounding tissue. Highly porous scaffolds madefamypolyesters

tend to be weaker than themon-porous counterpartsHighly porous polyester scaffolds are
weaker in a sense of mechanical toleranaesich can limit their usen-vivofor load bearing
sites(Harris et al., 1998, Martin and Avérous, 2001, Dhandayuthapani et al., 2011, Gentile et
al., 2014, Maavitehrani et al., 2016)There have been studies in relationitaorporating
polyesters with bioceramics to increase the mechanical propertiesd ashecrease the

degradation rate of scaffolds.

1.2.2 Multi-layered scaffolds

Scaffolds with homogeneous material composition known as mamsic (singlgphased)
scaffolds are very common, but dependiag application can encounter some limitations
especially concerning multhyered tissues such as osteochondral units (the interface
between bone and cartilaggXue et al., 2010, Nooeaid et al., 2014, Bernstein et al., 2013,
Rodrigues, 2018)
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1.2.3 Ceramics for bonssueengineering

Ceramics are being increasingly used in tissue engineering especially for bone regeneration.
They can be grouped into two swategories; naturallikey I (0 dzNJ f O2NJ f RSNX ¢
aluming and syntheticJike zirconium(Gargiulo et al., 2010, Tran et al., 2011, Divieto and

Sassi, 2015, Manassero et al., 2016) example calcium phosphates such as hydroxyapatite

(HA) have a resemblance to the mineral component of barmereas bioglass ceramics have

a similar strength when bonding to osseous tiss(ieukubo et al., 2003). Bameramics are

used in orthopaedics (calcium phosphates) in fracture healing, joint replacements, spinal
applications and coatings on metallic bearing couples, and also for petf@deeatment and

craniomaxillofacia{Whang et al., 1998, Hollister, 2005

The most common calcium phosphateramics are; ydroxyapatite (HA), calcium sulphate
hemihydrate (CSHyypsum, calcium sulphate dehydrate (CSD), calcium carbonate, dicalcium
LIK2ALKFGS o05/t0x 2001 ONK Ok dz0A HIK ZEMBiphRSB G B/ ©
OF £ OAdzY LIK2 aLXIOF & &A dzy/ 118 NERERYBENArIK &l.(12811,&/elasco

et al., 2015) Calcium phosphates used either singljaor in combination with other
materials(Tzvetanov et al., 200Rave great potentiain tissue engineerin@s they have the
ability to become osteoinductiyend can form strong bonds between a bone interface and
biomaterial via increased celliar function (LeGeros1993, LeGeros, 2002, lvanchenko and
Pinchuk, 2003, Samavedi et al., 20IBhe use of ceramics can promote osteoblast adhesion
to the scaffold together withmesenchymal cell migration, which is vital foriarvitro bone
model. Hydroxyapatite (Ca(PQ)s(OH}) is a crystalline calcium phosphat@uda et al.,
2008)which exists in bone and is formed of; calcium iong{)Carthophosphates (PO),
metaphosphates or pyropho$ates (PO; #), and occasionally hydrogen or hydroxide ions
and can be either naturabvineor coral) or synthetic (the combination of calcium carbonate
and monoammonium phosphate at ambient temperaturéGuda et al., 2008)
Osteoconductive properes have been observed on some hydroxy apatite (HA) scaffolds

which haveded to theonsetof the bone regeneration proces

1.2.4 BioGlasses
Bioglasses are first introduced as glass compositions which can interact and bond to living

bone (Larry Hench 1971)here have been oth@ompositions with the objective of designing
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an optimal material for bone regenerating construct§ his includesapatite-wollastonite

glassceramic (AVZ, produced by Glass Technology Services) @BES withinthisthesis.

Bioglasses can incorporate calcium phosphafz], and #®s) and other compounds such
asSiQ, NaO, in varying proportiongVelasco et al., 2015)Threedimensionakcaffolds with

a wide range of porosities and surface topology characteristics can be fraadéioglasses
(Velasco et al., 2015 Consequentlythey are typically used fanaxilofacial reconstruction
otorhinolaryngological reconstructigrperiodontal pocket eliminationand alveolar ridge
augmentation (Hollister et al., 2005) Bioactive glass can come in the form45S%a
conventional silicatg45% Sif) 24.5% NzO, 6% FOs, 24.5% CaQpr either a phosphate or
borate-based glasfMancuso, 2016) The bioglass is bound to the host tissue via a
hydroxycabonate apatite (HCA) layer thamteracts with the surrounding collagen and is
formed on the surface of the glass. Furthermore, osteogenic cell attachment and
proliferation is enhanced by the HCA layer, whigkimilar tocalcium phosphate bioglasses,
as it facilitatesnew bone growth via the adsorption of proteins and growth factofhe
interaction between osteoprogenitor cells has a direct influence on theabstiictivity of
the bioglass. In comparison to calcium phosphatdyioglasses benefit from a faster

degradation rate(Ravaglioli et al., 2008)

1.2.5 Production & GlassCeramics

{KSt o6& O6HnnpO KIFa RSTAYSR 3f lrange, pedodiddtoghic I Y 2 NL.
&G NHzZOGdzNBE FyR SEKAO6AGA | G SYLIS (Shelbyzi2a®s) NB I A 2
Ceramics are considered as inorganic crystalline grains/materials comprised of at least two
chemical element¢Kingery et al., 1976, James, 19@%llister and Rethwisch, 2018%lass

ceramics are considered to beolgcrystallinematerials that are the result of controlled
crystallisation of base glagRkawlings et al., 2006) Glassceramics are polycrystalline
materials that consist of a mixture of amorphous phase (glass) and crystalline phases
(ceramic)which areproduced through controlled crystallisation during a tstage process
(Rahaman et al., 2011, Zhao, 2011, Ozdemir, 2020gse are referred to as the nucleation

and crystal growth stages (s€&urel-2), which allows crystals to propagafawlings et al.,

2006, Xiao et al., 2008, Fu et al., 2020)

The nucleation stage is a low temperature heat treant, (around the {) to form a high
density of nuclei, consisting of large number of smaller size crystakis stage, small stable
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volumes of the product crystalline phase are formed in the parent glass. Large, oriented
crystals in the glasseramic microstructure are normally unwanted as this can negatively
affect its mechanical properties. When the stable nucleus has formed, the consequent step
is the crystal growth stage, which consist of movement of the atoms/molecules from the

glass, and it the crystal across the glassystal boundanfRawlings et al., 2006)

Crystalgrowth step takes place at a higher temperature (Transition Teatpeg, Tc) than

the nucleation step (first step), this higher temperature enables the nuclei to grow at a
controlled rate. Differential thermal analysis (DTA) can be used to determine the
temperatures of nucleation and crystal grow{&hou et al., 2017) It is well known that
mechanical properties of the glass can be changed by controlling the crystallisation process
and annealing procegsiolland W., 2004, Alharbi, 2016, Mancuso et al., 2017, Deubener and
Holand, 2017) The parent glass maye shaped prior to crystallisation employing any glass
shaping methods such as casting & fornfMgMillan, 1979, Strnad, 1986, Holland W.,
2004) or extrusion (Atkinson and McMillan, 1977, Yue et al., 1999, Robert et al., 2000,
Rawlings et al., 200@)ethods. In this thesis, AW2 Glass Ceramic was purchased from Glass
Technology Services (GTS). The AW2 Glass Ceramic was produced at their manufacturing site

using a confidential process.

T'w = Mucleation temperature
Te — Maximum crystallisation termperature

Ts

~.. Rate of crystal
v growth

' ~ Rate of nucleaticn

Rates of nucleation and growth Time

() (b)

Th-

Temperature

Figure 1-2: Crystallisation of a glass to form a glassramic. (a) rate of nucleation and crystal
growth at different temperatures; (b) tvetage heat treatment: temperature versus time for
nucleation (k) and crystallisatio (Tg). Figure from (Rawlings et al., 2006)

Zhanget al explainedn detailthe preparationof 58SNa0O-CaGSiQ-P.Os bioactiveglassaand
glassceramics,and investigatedthe nucleationand crystallisationprocessin great depth.

Bioactiveglassceramicis atype of bioactiveglassafter crystallisationwith better bioactivity
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and highercontent of hydroxyapatite(HA)(Zhanget al., 2021) Usinga hightemperature
melting process 58SNa0-CaGSiQ-P.0Os bioactiveglasswasprepared. Theirexperiments
showedthat optimal nucleationoccurredat 660°Cfor 1.5 hoursandcrystallisation750°Cfor
2 hours(Zhanget al.,2021) Thisoptimisednucleationand crystallisationprocessenabled
the formation of spherical Hydroxyapatitecrystalsat the nanoscalewhich resulted in
increasedbioactivity after treatment with artificial saliva(Zhanget al., 2021) A study of
nucleationandgrowth of nanociystalsin GlassCeramicsspresentedby FernandezMartin et
al (FernandezaMartin et al., 2012) Usinga combinationof severaltechniquesfor Lithium-
Aluminium Silicateglassceramics,the nucleationoccurredduring the slowerramp in the
720°Q 82C°Crangeand b-quartzcrystallisatiorbeganin the 820°Q 850°Crange with afinal
60 minute hold at 930°C for the complete growth process(FernandezMVartin et al., 2012)
This shows that the temperatures and dwell times for theleation and crystallisation steps

for each glasseramic may require optimisation to satisfy the requirements.

1.2.6 ApatiteWollastonite

AWglasOS NI} YAO Aa O2YYSNDALFtte& | @gFrAftrofS Fa / SN
glass ceramic for boneplacement. Many researchers have used AW to fabricate scaffolds
for Tissue Engineering purposes. This section focusses on reviewing some of the closely
related studies using AW (summarised Table 1-1). (Rea et al., 2004used Apatite-
Wollastonite with highdensity polyethylene (AWPEX), different volumes of AW glassnic

(30% and 50% val) conjunction with different median particle sizes 4.5 uym and Ti/and

with different scaffold surface finishes (polished anecay. AWPEX was tested with human
Saos? osteoblastike cells up to 7 days, to determine the best combination for cell response
(Rea et al., 2004)The experiment showed that polished surface, with 50% AW vol, and
larger particle sizes provided an improved cell response (proliferation and differentiation).
Smilar study by(Tcacencu et al2018)gives detailedn-vitro andin-vivoanalysis. Tcacencu

et al. (2018)developed an AW/PLA composite structure by overlaying a 3D printed PLA
structure (Rodrgues et al., 2016Qver an AW dis@Mancuso, 2016at 12.4% open porosity.

The bondedscaffolds were cultured with bone marregerived stromal cells (BMSCs) isolated
from adult male SpraguBawley rats.The result showethat in-vitro the scaffolds were cyto
compatible after 48 hots in culture, and the highest alkalinbgsphatase (ALP) activity was

recorded in AW discs rather than the AW/PLA composites or onlglBbhA(Tcacencu et al.,
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2018) Tcacenctet al.(2018) alsandertookanin-vivoassessment with AW/PLA composite
structures in rat calarial defects; the scaffold examined wasam in height (1 mm of PLA
and 1 mm of AW)The newly formed bone appeared to be sassfuiin-vivo, as tested in the
rat model; there was no new bone formation in the PLA anlythe scaffolds(Rodrigues et
al., 2016, Tcacencu et al., 201&owever, porositypore sizes and Yousgmodulus were not
measuredn (Rea et al., 2004)nd(Tcacencu et al., 201@)aseaMdd Such measurements are
essential foestablishingepeatability of the manufacturing process and ultimatetgdicting

the suitability ofscaffolds for bone tissue growth.

Toumpaniari(2016) developed AW1 scaffolds Jmeat treatment (1150°C) of thermally
induced phase separatianf PLAAWL1 structures.These resulted in a total porosity of ~82%
86%, with a Yourg modulus of 9 MP&@loumpaniari, 2016)These AW1 scaffolds were used
in-vitro with 500,000 hTERT Y201 cells per scaffold and had a 100% growdifteat®l days

in abasal medium.Pore sizes were measuredaVEEM images, but no values are detailed.
Alsg open porosity and compressive strength oéthcaffolds weraot reported in the PhD

thesis(Toumpaniari, 2016onlytotal porosity wagresented.

(Rodrigues, 2018)erformed further studieson AW scaffolds fabricated by Naif Alharbi, as
described in(Mancuso, 2016) The AW scaffolds were welded 8D printed (FFF)LA
structures using tw methodsultrasonic and thermal fusion (details ift paragraph, Section

5.1 of(Rodrigues, 2018)The thicknessf the AW scaffold were2.5 mm and the thickness

of PLA was 1~2 mnThe PhD thesis reported successful outcomes following implantation of
the scaffold tathe scull of a ratvith good osteointegrationThe $iear testindicatedthat the
interfacial strergth ofthe UW AW/PLA scaffold is strong, howevether mechanical tests,
like the compression test and You&gnodulus, were not performedAt the time ofthe
researchthere was limitation on sintering temperature due to furnadeeing able to achieve

a maximumtemperature1200°C, and therefore it was not possible to experiment at higher

temperatures(Mancuso, 2016, Rodrigues, 2018)

Kokubo et al (1982) developed prosthetic scaffolds WiAW glasseramic and implanted
themin rabbit tibia. The scaffolds had very high densities of 99.3% (porosity of 0.7%) and a
very high Young modulus of 103GPalhe scaffolds formed very tight bonds aftem@eks
in-vivo, with the surrounding bone anshowed no negative reactions with the surrounding
tissues even after 25 weekkokubo et al., 1982)
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In a more recent study bftee et al., 2015nicroporous AW scaffolds were made by using;
AW particlesat a range of 45 90 um and @ 45 um at a ratio of 3:1 mixed with a 10% acrylic
binder, using selective laser sintering (SLS), an additive manufacturing technique. The
scaffolds contaied a 1 mm cylindrical hole whigtere cut to the dimensions of 55« 2 mm
using a precision cudff machine and sintered in a furnace at 1050°C. The scaffolds were
studiedin-vitrowith 2 x 1#MSCs (human bone marranesenchymastromal cells) for either

1 or 7 days prior to implanting into tine into subcutaneous nudenice. The result showed

no significant difference ithe amount of osteoid staining in relation geometry or porosity

of the two different scaffold designs (without a hole and with a hfl€e et al., 2015)The
study also concluded that there was no obvious difference in osteoid formation between un
seeded and seeded éA scaffolds by wde8. The results do nohecessarily represent the
potential of binding to bone tissueHowever, thestudyindicatedthat dynamic culture may
have improved cell proliferation on the scaffolds. Lee et al (26h%eswith Fujita et al
(2000) that wer time microporosity allow$or more controlled resorption of AW scaffold
when implantedn-viva. Although Lee et al (2015) concluded that the macroporosity (central
hole) improved early wgrowth of cells (within 4veeks) and matrix deposition within the

central channel
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Materials Manufacturing | Advantages Limitation | Porosity Pore Size & | Scaffold | Youngs Cell Activity, Cell Growth | Reference
Technique S measureme | size Modulus Number of cells | rate
nt (MPa)
Techique
AW + high Blending, Increased cell | Lack of Polished NA Tile-1x | NA Saos2 human From 4,500 | (Rea etal.,
density compounding, | proliferation repeatabili | surface 10x 10 osteoblastlike to 2004)
polyethylene | centrifugal on scaffolds | ty specially| and ascut mm?3 cells, 4,500 cell{ 275,000 (Wang et al.,
composite milling and with larger on ascut samples per cn? cells (cancer| 1994)
(AWPEX) compression AW patrticles. | scaffolds cells, high
moulding. 3,000¢ 25,000 growth rate)
cells per cra
AW FFF of PLA Controlled No 41.85% SE| NA PLA Disk| NA Bonemarrow After (Tcacencu et
Frit/powder | structures + pore size and | compressi | 0.95% -1x8 derived stromal | 48hours al., 2018)
+ PLA indirect porosity for on test Total mm cells (BMSCs) | 95% viability| (Rodrigues
(Ceramic 3D printing of | PLA (3D was 12.4% SE +AW from adult male et al., 2016)
polymer AW disks. printed) part | reported 0.29% Diskg SpragueDawley
composite) | Thermal of scaffold open. 1~2 mm rat, 10,000 cells/
bondingof PLA PLA 60% X 8 mm disc
with AW disk porous
AW 1 TIPS Porous No Total Manually 9MPa hTERT Y201 cell 100% (Toumpania
scaffold, systematic | porosity = | measured, 500,000 cells increase in | ri, 2016)
reasonable pore size | 82% categorised 21 daysin
cell growth measurem as Basal
ent, open micropore Medium
porosity, and
or macropore
compressiv
e strength
PLAC AW 3D printing PLA] Osseointegratii No No Microporous| AW No In-vivotestina | NA (Rodrigues,
bars, and laser | on of PLAAW | compressi | porosity AW 2.5mm mechanica| rat calvarial (Noin-vitro | 2018)
cutting the composite on or on AW structure. thick | testson | defect model. test)
bars. structure in Youngs scaffolds ~6mm PLAAW
rat model modulus in detail. PLA pores | diameter | scaffolds
Thermal/US on AW PLA 300um,
welding of PLA scaffold. porosity 52| measured PLA
and AW disks ¢ 60% via SEM Youngs
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manufactured Sintering modulus
by (Mancuso, temp. was 500¢ 800
2016) limited to MPa
1200°C
Hydroxyapati| Sponge replica | Excellent Small 88-91% Small to Cuboid | Compressi| NA NA (Kunjalukkal
te + method and bioactive + pores not | total >500um, 10 x 10x| ve Padmanabh
Wollastonite | sintering to dissolution measured. | porosity visually 15 strength an etal.,
1300°C properties. Youngs using scale 0.21¢1.02 2013)
modulus High bar on SEM MPa (Jodati et
Only Large not given. | interconne | images, al., 2020)
pores. ctivity longer side
without of pore
measuring | reported
Apatite and | Glass powder | Good Fracture at| 0.7% <20pm from | 10 x 15x| 103 GPa | In-ivotibia of NA (Kokubo et
Wollastonite | <44um pressed| compatibility, | interface porosity SEM image | 2 mm male rabbitsg 8 | (in-vivo) al., 1982)
glass in 400kg/n?. high between Archimede| and scale Compressi| weeks
ceramics 1050°C compressive | implant an bar ve
sintered 2 strength tight | and bone | techniques strength
hours bond with 1060 +60
rabbits MPa
AW Selective laser | Dynamic In-vivo Microporo | Microporous| 5x 5x 2 | No Youngs| MSCs extracted | In-vitrothen | (Lee et al.,
sintering (SLS) | culture with tested sity (<50u) | <50um, mm, modulus from human transferred | 2015)
of AW powder, | 30ml media performed | 2527% One Hole or bone marrow to in-vivo
then sintering subcutane macroporou | diameter | compressiy| 2,000,000 cells | (subcutaneo
at 1150°C ous, not in s channel of | 1 mm e strength | per scaffold us in nude
Particles 480 bone. 1 mm mice)
and 045 at 3:1
ratio
AW 1 AW powder Good Small Porosity of | 250-350 um | 5 x 2 mm| Compressi| New Zealand In-vitro then | (Zhang et
mixed with biocompaibili | pores about 70% | ¢ manually ve NI 6 0A 0 4 transferred | al., 2009)
paraffin wax ty and mentioned via SEM strength from bone in-vivoon
particles, extensive but not 5MPa marrow, NI 60Ad
pressed for osteoconducti | reported Archimedes 2,000,000 cells | mandible
moulding. vity or per scaffold.
Sintered 1050 measured
1150°C
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AW 2

TIPS using
AW2,
investigated
ratios of

dioxane :water.

Sintered at

temperatures
between 1215

1250°C

Repeatable
method with
good
mechanical
properties,
open porosity
and pore sizeg

High
temperatu
re furnace
required.
Temperatu
re
sensitive
TIPS
method

Open
(42%),
closed &
total (73%)
porosity
reported.

ImageJ
algorithm on
SEM images
Micro (10¢
80) + macro
pores (80¢g
960)

Conical
frustrum
diameter
8 x4 mm
height

Compressi
ve

strength
5+0.4 MPA
Young
Modulus
126.5
+20.4MPa

Human Foetal
Osteoblast cells
(Cell
Applications,
406-05f) per
scaffold.
Preliminary
experiment 2.5
x1® and 5x16
cells.

Main experiment
used 2 x1®cells.

SeeChapter
5¢ In-Vitro
tests with
Porous
Scaffoldof
this thesis

Reported in
this study/
thesis

Table1-1: Summary of closely relevant papers which use Ap@fidastonite in scaffolds with successful tissue growth eitheitiio or in-vivo.
Important parameterare listed in the table.
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1.3 Powosity and poe size measurement techniques

Various techniques have beeused to measure the porosity and pore sizes of scaffolds.
Porosities can be reported as open, closed and/or total porosity. The total porosity is
representative of the amount of pore spageesent in the scaffoldnd can baneasured by
considering thephysical properties of scaffold &kthe bulk densityagainst the material
density(Loh and Choong, 20133¥enerally, the total porosity is representatioé the pore

spaces available in a scaffold, it is considered as the closed porosity plus the open porosity.

Gravimetric is a commonly used technique for total porosity measurement, which uses the
apparent density of the scaffold (mass/volume) againsthiék density of the scaffol(Ho

and Hutmacher, 2006, Loh and Choong, 20T3jis technique cannot measure the open
porosity of scaffold(Hu et al.,, 2002, Maspero et al., 2002, Kim et al., 2004, Ghasemi
Mobarakeh et al., 2007, Guarino et al., 2008 is a preferred method in materials that
cannot withstand mechanical pressures which other porosity determining methods can

subject the scaffolds to.

Mercury porosimetry method allow$e determination of the total pore volume fraction, the
average pore diameter, and pore size distribution of thddmensional materials/scaffolds
(Mayer and Stowe, 1965, Shum et al., 2005, Guarino et al., 2908)using high pressure
mercury into the scaffold. This technique is not suitable for many scaffolds as they do not
have high enough mechanical integrity and can be destroyed or collapse under tiseneres
Also, smaller the pore diameters require higher pressures, and this has to be taken into
consideration if this method is utilized. Mercury is very expensive and is toxic and the
technique is considered as a sacrificial/destructive technique, theedfee scaffolds cannot

be used agaifGhasemiMobarakeh et al., 2007, Guarino et al., 2008, Loh and Choong,.2013)

Liquid displacement method is based on Archimedes Principle, it is a simple technique that
can be carried out to measure the porosity of scaffolds. This technique uses a liquid that is a
not a solvent of the scaffold material like ethanol, and is capableenetrating into small
pores but does not cause size swelling or shrink&ge et al.2002, Ho and Hutmacher, 2006)

In brief, the scaffold will be placed in a holder with a known volume of the displacemeiat liqu

and a series of evacuatiqrepressurisation cycles carried out to force the liquid into the
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pores(Shi et al., 2002) The displacement liquid is representative of porosity of the scaffold
(Loh and Choong, 2013)

Microcomputed tomography (Micr&€ T o-C) imaging can be used to provide more specific
information on the internal 3D morphology of scaffolds, which can be used to compute both
open and closed porosity as well as pore sizes using specially designedproagssing
techniques. Micrd ¢ ISy SNI GSa | aSNASE 2F H5 GKAY AYl
by computing the level of attenuation ofray radiation from different angles in a circular
form. A stack of 2D images generates a 3D imageeo$¢hffold which can be visualized or
used to measure internatructures(Tomlins et al., 2004, Rajagopalan et al., 2005, Loh and
[ K22y 33 wnmoX . Thaliestubon Sfivicro-CTdnaaging ismsually a limiting
factor, resolution is approximately 10 microeters depending on the device and the
scaffold/sample size, which makes small pores unaccounted for, so it is unreliable for
measuring micropores and microportsi Also, MicreCT can take around 4 hours to scan a
single scaffold which can be expensive, although it is adestructive method that can be
used for fragile scaffolddHo and Hutmeher, 2006) However, MicreCT is used for pore
analysis by many research@arageorgiou and Kaplan, 2005, Ho andnkfwidher, 2006, Loh

and Choong, 2013, Krieghoff et al., 2019Meretoja et al., 2009used MicreCT for
interconnectivity analysis and pore analysis for continuous phase microporous scaffolds with

rat cells in combination with SEM analysis for pore diameter

SEM has much higher spatial resolution compared to M&To to less than 10 nnahich
makes is a more favourable imaging technique for analysis of the surface of scaffold, including
its pore size measurement. However, SEM cannot be used to measure interconnectivity or
internal structure. Image processing techniques can be usecetsare pore sizggomlins

et al., 2004) however it is common to use manual measurement of pores by marking the
coordinates of one side of a pore against the coordinate of the other side, and computing the
distance. Another method is to use the diametempafres measured in-axis and yaxis in

SEM images and reporting the distance in each dire¢ii¢ei et al., 2005, Shum et al., 2005)
Such technique is reports different pore size depending on the orientation of scaffold and

therefore is suitable only for scaffolds which have more homogeneous/symmetrical pores.
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Figure 1-3: (A) Photograph of the prepared4€HA (B) A SEM image of the surface:TMHA
has a systematic arrangement of uniform pores, all of which are connected by a network of
smaller interconnected poréBoi et al., 2012)

Some reports fitted a circle over the pore and measured the diameter of the largest circle
which pass through the furthest points on the boundary of the pore and used the diameter
of the circle as a representative of pore size, a s@vgpshown irFigurel-3 (Doi et al., 2012,
Elhadidy et al., 2013, Lo Re et al., 2013his technique is suitable for circular pores and
inevitably will quantiy pore sizes larger than the real({oi et al., 2012, Turnbull et al., 2018,

. NI 2 O S.0Settion®Spresemsvaynovel image processing technique for pore size

measurement using SEM images.

1.4 Thermally Induced Phase Separation Scaffolds

Thermally induced phase separation (TIPS) is one of the most commonly used miethods
manufactumng processes of scaffolds, due to its capability to produce highly interconnected
and porous scaffoldsTIPS is a technique based on a change in temperature which results in
a polymetric homogeneous solution to gheix into a polymeirich and a polymetless phase.
Owing to the thermodynamic properties of polymer solutions, thengiging can be liquid
liquid or solidliquid (Schugens et al., 1996, He et al., 2009, Mannella, 20$2)idliquid
usually occes for binary polymesolvent mixtures, and liquiiquid phase separation occurs

for ternary polymer/solvent/norsolvent mixtures(Hua et al., 2002) Liquidliquid phase
separation in a ternary polymer/solvent/nesolvent mixture is commonly used in scaffold
manufacturing and is based on clgang the temperatures (Thermally Induced Phase

Separation, TIPS) and/or the composition (Diffusion Induced Phase Separation).
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The scaffold architecture is highly influenced by varying the parameters in the process,
including polymer type and concentratipstarting composition solvent/nesolvent ratio

and the sequence of thermal operation€onoscertet al., 2017showed that if the cooling
path is kept constant, then the higher the polymer concentration results in a decrease in the
porosity and pore dimensionA study of the pore dimension as a function of temperature
and time, showed that at rom temperature (28C) pore sizes are independent of the
demixing time, however the demixing time shows significant effects on pore dimensions for
temperatures of 36C and 33C(Li et al., 2006, Pavia et al., 2008, Conoscenti et al., 2017)
Other researchersiaveadaptedthe TIPS technique to producermoposite scaffold by adding
ceramic fillerancluding hydroxyapatite, bioglass, keratifMaquet et al., 2003, Wang et al.,
2010, Puglia et al., 2015, Ghersi et al., 2016, Toumpaniari, 2016, Conoscenti et ala2017)

produced porous scaffold by optimizing the mdaturing process which varisabstantially.

1.4.1 Cloud point

The detection of thecloud point is a commdnused method to determine phase
boundaries in polymer solutior{gan de Witte et al., 1996 A homogeneoupolymersolution

iIs cooled down slowly: the suspensiaovill start to become cloudyurbid when phase
separation sets inthis is considered as the cloud po{ht Carrubba et al., 2008, Mannella et
al., 2013, Ishigami et al., 2014Jraditionally the ud pointis detected visually, therefore
this is considered to be a glitative methodologyHua et &, 2002, Pavia et al., 2008, Chen
et al., 2010, Mannella et al., 2013Although,to measure the turbidity of solutions more
accurately, light transmission approaches have been utiliBee et al., 1991, Mannella et al.,
2013)
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Figure 1-4: Schematic temperaturé@)-composition phase diagram for a binary polymer
solvent syste(hlua et al., 2002)

Figurel-4 displays thespinodal and binodal curves, when quenching temperature is located

Ay G(KS WdzyaidlofS 1T2ySaQ Iy AyidSNRedigtSthei SR ai
spinodal phase separatidifua et al., 2002)

1.5 Hot Stage Microscopy

Hot stage microscopy (HSM) wasveloped by Welch in the 195Qsing photographic and
digital recordings to visualise the changes in a sample in relation to temperatheechanges

in the samples contours irelation to temperature allow foandzy RS NE G F Yy RAY 3 2F G °f
geometry and shape, wettability, viscosity and surface tenfRanna et al., 2016, Mancuso

et al., 2017) The modern hot stage microscopes allow for continuous measurements and
recording of this data alongside additional software to aid with ana(f®asna et al., 2016)

It is important to note that only raw materials are uséat hot stage analysjsand this is
particularly significant wén using ceramic¢ss it allows fothe focus to beon the fusibility of

the raw material allowingdetermination of cerami@ & & 2,¥nélthy, Aoy And sintering
temperatures(Panna et al., 2016)The data acquired can be analysed in several different
ways including how surfacearea change with temperature and rate of temperature
(increasing and/or dereasing), which can then be plotted and compared. Furthermore, the
particle size of the raw material (AW powder) can affect the sintering temperature as well as

the area change observed via HSM.
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Chapter 2; Materials and Methods

2 Materials andMethods

2.1 Materials

Poly Lactic Acid (PLA) (Ingeo 4032D, density gc##, molecular weight 156.6%/mol).
Dioxane (99.8% purity, Sigmdrich). Apatite Wollastonite (A\&) raw powder(3.68% MgO,
44.81% CaO, 35.49% 5i05.47% FOs, 0.19% Cak- 0.02% SrO, 0.09%:Re, 0.14% AD:s)
was obtained from Glass Technology Services Ltd, (GIl&.AVR2 powder contained a
variation of particle sizes up to 2@dn in size.Superglug ASDA stores, Ukhd Ethanol(200
proof purity, SigmaAldrich) were used in this work Any watermentionedin this methods
section was deionisedater produced by the Purite 300 water purification system (Purite

UK), unless specified otherwise.

2.2 Cloud pointsinalysis

Temperature is an important factor ithe manufacture offIPScaffolds. Todeterminethe
optimum temperature, cloud point analysis waserformed. The ¢oud pointrefers to the
temperature wherehe material forms a cloudy appearance anelginso be become opaque
(Schugens et al., 1996) This temperature plays an important role in the process of
manufacturingscaffolds and is usedo ensurethe separation of thescaffold solutionAW2,

Dioxanewaterand PLA) does not occur duringetmanufacturing process

Polylactic Acid(PLA)at a concentration of 5% w/v was prepared by weighing Fhé\(5 g)
usinga precision balancé&ern ABT228D), whichwas made up tdhe volume ofdioxane
and deionised water at a range of different ratiosaiuran bottle The concentrations of
dioxane to water(100 ml)were as follows, 85:15, 87:13, 90:10, 93:07 and 100v0@ the
methods were adapted frorfBchugens et al., 1996, Chen et al., 20B0nagnetic stirrewas
placedin the Duran bottle containing the PLA Dioxane: watertome, which was themplaced

in a water bath at 9@C and stirredfor 2 hours, until all the PLA was dissolvethe Duran
bottles containing the PLA dissolvediie solventmixture solution at the different ratios of
dioxane:water vasthen placedA y 42 | &I GSNJ 6 K Imihutes./ TBe/ I YR
temperature waghen lowered at a rateof 1&Cevery2 minutes and visual analysis took place
to determine theonset ofturbidity of the solutiongdn=5) The cloud point is defined dlse

point wherethe polymeric solution changes froatear to turbid This initial experiment was
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repeated using solution of 100:0@ioxanewater at varying concentrations #1LA(3%, 4%,
5%, 6% and 7p4o determine if this influences the cloupoint and therefore scaffold

morphology.

To obtain a more ecurate cloudpoint, the experiment wamodifiedslightly by repeatinghe
experiment daily across four days, during which temperaturewas lowered amuch slower
rate of 18C every5 minutes to ensure homogeneitgf the temperature This latter
experiment was repeated with thaddition of 50% AW2 powder, to investigate if any changes
to the cloud point temperaturedccur. All the samples wersubsequentlye-heated to6eC
above their cloud point, and the mixtumeas thenpoured into glass moulds, whievere then
frozen overnight, washed with ethanol and freeze driadd subsequentlyanaly®d

morphologically Scaffold preparatiorisdescribed irmore detail inSection2.3.

2.3 SaffoldPreparation:

2.3.1 AW Powder Milling

Apatite Wollastonite2 (100 g) with particle sizes greater tha®0 um was milled in a
Pulverisette 6 grinder (Fritsch, Germany) for periods of betwe and 3ninutes at rotational
speeddetween 380 rpm and 410 rpnThis was repeated untihe chosenparticle size were

obtained during sieving as detailed below.

2.3.2 AW Powder Sieving

Milled AW2powder was sieved in a sieve shak&uto Sieve ShakeMB01, Impact, UK), over
a period up to a month to obtain particle fractions of <&@, 2053 nm, 5490 mm and >90
mm (Dyson et al., 2007)A particle size of 263 um waschosenfor this studyaccordingto

previousresearch(Toumpaniari, 2016, Rodrigues, 201&hich wasoded as AW2

2.3.3 GlasdMould Preparation

Glass petri dishes were covered in acneased aluminium foilSuperglue was usdd attach
one end of eachglass mouldheight 16mm, internal diameter 11mm, external diameter
15mm) tothe aluminium foilli K |- aftd2iZed to the petri dish.Manual pressure wathen
applied toensurethe glass moulds were attached toe aluminiumfoil homogeneouslyThe
petri dishesvere then transferred to #ume hood(kept at room temperaturefor a minimum

of 30 minutes to dry and attach fully
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2.3.4 Dioxane concentrations in scaffolds

The process of generating porossaffolds using A®and PLAeadswere used tanimic the
bone structure using novel technigues.

Polylactic acid (PLA)eads(5 grams per 10@nl volume 5%w/v) were dissolved ivarying
concentrations (85:15, 87:13, 90:10, 93:07 and 100%jodaneand deionised water in glass
Duran bottles placedt 90°Cin a water bath using a glass beakétled with wateron hot
plate (IKA @AG HS7)with magnetic stirreffor a period of2-hours(Figure2-1). Then 50
grams(g) of AW2 powderwasadded to the solutiorheld at a temperature90°C, which was
stirred for 10 minutes.This solutiorwasthen placed in a water bath abeld at60°C which
was stirred for a period df hour 30 minutesThetemperature waghen set at Cabovethe
experimentally identifiedcloud point temperatureand was then stirred fora further 20

minutes

Figure 2-1. Duran bottle with AW2 powder, PLA and Dioxane:Wadelution, held ina
water bath on a hotplateThermometer and temperature loop can also be seen.
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Figure 2-2: Glass moulds with AW2, PLA artioxane:water on a glass petri dish. ,
Immediately after pouring at room temperature Ftially submerged in Iceold water

The solution wasghen carefully poured into the glass moulds (prepared a&.&3 at room
temperature (approx. 2°C), as shwn inFigure2-2A. The glass petri dishes (containing the
solutionHilled moulds) were left in the room temperature fume hood for 3 minutes. The petri
dishes contaimg the moulds were then partially submerged into andcoéd water bath for
1 minute as shown ifrigure2-2B, then transferred to a freezer and were frozen-20°C

overnight.

The moulds wereemoved from the freezer and were thearefullypeeled off the aluminium
foil; the scaffold were then pushed out gently using #hick glass rod. Thecaffolds were
rapidly immersed (fully)into a plastic receptacle filled with a freezer cold {20°C)
ethanol:water solution (80920%). This solution waseplaced twice dailyover four

consecutive days.

The scaffolds were removed frothe ethanol:water(80%:20%3¥olution €20°Q, and were
then placed ino ice-cold (0°C)deionised water for Zninutesandwere stirred gently using a
glass rod The scaffolds werghen removed anddried with blue tissue roll, placed o

freezercold (-20°C) dass petri disheandinto the freezer for 4hours.

51



A B

Figure 2-3. Scaffolds made of AW2, PLA adidxanewater. A) Scaffold prior to freeze
drying. B) Scaffold post freezdrying

The scaffolds (as shown Figure2-3A) were then freezalried for 48 hourgFreeze Dryer
ALPHA 2 LD plus; Martin Christ Freeze Dryers,,Wjich resulted in porous AWLA
structures, as shown ifrigure2-3B. After freezedrying the scaffoldsvere stored at room

temperature (goproximately20°C) until the sintering stage.

2.4 HotSageMicroscopy an@hermalAnalysis
Using Misuraequipment (Expert System Solutions, Italy) Hot stage microscope (HSM),
multiple fractions of the milled A®/powder were analysed separately to assess thermal

behaviour of the powder.

AW2 powder(2g)was thoroughly mixeavith deionised wateusing a smalinetal spatula to
form a relatively stiff paste, which was then inserted into a moulding cylinden{2liameter

x 3 mm height), alAW2 cylinderwas thencarefully removed from the mouldThe AW
cylinder waghen placed onto the loadinglatform, directly in front of the HSM camera for
visual analysis, at roonemperature (approx. 20°C), with the heating rate set to increase by
10°C per minute, up to a maximum temperature of 13008Qeating rate of 5°C per minute
was also used for a me accurate comparative stugdwhich yielded the same findings as 10°C

per minute
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2.5 Scaffolds shrinkage and material loss due to sintering process

The volume shrinkage that occurs in the scaffolds dudwo-step heat treatment was
evaluated. The diameteand height of the freezdried scaffoléd was taken with a digital
Mitutoya Calliper from which the volumevas calculated Post heattreatment, the scaffolds
wereof a conical frustum shapas suchthe diameter was measured on both conical shaped
endsof the scaffold, the height of the scaffokelvereagainmeasured using the digital calliper
(Mitutoyo). Thestructural stability of the scaffolds &as evaluated whilst handling during

these measurements.

The scaffoldmass wasletermined by weighing th samplegusing a precision balane&ern
ABT226bD)5 times at eachstage post freezedrying, post heatreatment, and duringthe

Archimedes protocol

2.6 HeatTreatmentProces®f AW2 $affolds

To obtain sintered scaffoldshe freezedried AW-PLA scaffolds were placed on a platinum
foil base (Pt 99.95%) on top of a refractory brick in the middle of the furnace chamber
(SNOL10/1300LHMO1 Eurotherm 3216

The heating process was programmed in two consecutive steps:
Step 1¢ heating the furnae from room temperature t&/79°C using a heat rate o5°C per

minute, with a dwelling time a7 79Cof one-hour.

Step 2¢ All scaffoldsompletedstep 1, the heahgis thencontinuedat a rate of 10C per
minute, up to a specifiedemperature with a dwell time of onehour. Thistemperature for

step 2 wadetweenl1215°C to 1250°C.

After thetwo-stepheat treatment cycle is complete, the scaffel@main within the furnace
until it reachesoom temperature (@proximately20°C). A precision balancetigen used to
measure the mass (grams) of each scaff@dce cooled following the two-step heat

treatment.

2.7 Morphological analysis of the green and sinteseaffoldsusing SEM
A Hitachi TM3030 Scanning Electron Microscope (SEM) (Newcastle University) was used for
high-resolutionimaging of the scaffoldst different stages (post freezdrying and post heat

treatment). Each sample was initially cleaned with pressurised airmuwre anyparticulates
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Aluminium stuos were coated in doubisided @rbon tape and each scaffold was then gently
loaded onto the SEMA digital photo was taken of the loaded sample stage prior to insertion
into the SEMFve aeas of view were analysddr each scaffold (horizontally, and vieally).

9 OK aol FFeHRYat L2NMBRIARY 20601 Ay A YThedrBages2 ¥
were captured at 15kV and saved as JPG or TIF file farnfator to each image being
acquired,the magnifcation was altered to obtain optimiglifocussed images with multiple

imagedakenat each magnification.

2.8 SEM image analysjgo measurepore size and distribution
Anovelimageprocessinglgorithm was developed to measure the pore sizes from the SEM
images.The algorithm consists of many steps includi)gixel sizeunit conversion to metric
units; 2) image segmentation; 3) morphological filter to split connected pores; 4) verification
step; 5) extract statistics from thaetected poresa schematic is shown Figure2-4. ImageJ
FIJI(Rasband, 1997, Rasband, 2012, Schneider et al., 2d)used to implement the

algorithm.
. ) . . Extract size
SEM Pixel S|ze‘un|t Image N Mor‘pho!oglcal Verification and number Pc?rg
Image conversion Segmentation filtering statistics
of pores

!

Figure 2-4. Schematic flowchart of the imageocessing algorithm where the inputs are SEM
images and output is the statistical data on pores, including size and distribution.

The main steps, after loadinge SEM images into ImageJ FlJI, are described in detail below

1) Image Scale conversions to set the size of pixels in the image to metric units

To convert the image sizés micrometres(um), perform the following sequence of steps:
U Click onineTookIthe curser will change to a cross)
U Click across the scale bar on the image so the bar is covered by a line

U Click Analyse > Set Scale, the distancexelpwill become the length of the scale bar

in pixels

u Click on known distance and input the wal of the original scale bar,

e.g9.200,andthen change units to scale units, engn as shownn Figure2-5.
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2) Segmenimages by apply thresholding tbe SEM images

U Click on Image > Adjust > Thresholdhe segmented regions represent the scaf®ld

pores.

Segmentation was performed using an automatic glg¢bmtogramderived) thresholding
technique described ifGonzalez and Woods, 2008)hethresholdingalgorithm is integrated
in the ImageJ plugin.Thresholding was used to segment the image two categories,
scaffold material andgpores;carried out by analysis dhe histogram of the image The
histogram of a scaffold image commonly haso distinct peaks representinthe scaffold

material (bright parts of image) and pores (dark parts of imaligufe2-5).

ﬂj J|n -
K | b

|Defaut  ~| |Red |

I” Dark background | Stack histogram

M Apply | Reset

Figure 2-5: Original SEM Image (left), histogram and automatic threshold (middle)
segmented image (right). Image sizes are 280x280 pum.

A sample SEM image, its relative histogram and segmented image are shéwguiie2-5.
Automatic thresholding offered a threshold at the lowest levetha histogram connecting

the two peaks. The automatic threshold was normally suitable for thisge processing
application. However, it was possible to adjust the threshold manually to achieve a more
accurate segmented imageThe threshold was adjusted manually in images that lacked
defined borders between the white arsgscaffold) and dark areas (the pores)hese
thresholds were chosen around the lowest point between the two peaks in the image

histogram.

3) Change the segmented image to binary image

U dick on Process > Binary > Make Binary
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This conversion changes the intensity values for black and white pasmgge from 0 and

255 to 0 and 1, respectivelyConversion to the binary image is required for the next step.

4) Disconnect pores from each other by applying morphological fiit€nsion and Dilation

filters
U For Erosion, click on Process > Binary > Erode
U For Dilation, click on Process > Binary > Dilate

Erosion and dilation are two fundamentmhageprocessingoperations for morphological
filters. For these morphological operations, a structure element of small size, usually a
window size of 3 x 3 pats, is scanned over the image and every point in the centre of
structure element is replaced with one of the pixel values unllerstructureelement based

on thissimple rule.

Figure 2-6: From left to right (Top) Sample SEM image, original image after thresholdi
(Bottom) Ater erosion, and final image after dilation. Pores are represented as .k
material is represented as whitenage sizes are 43um x 430 umThe scale bar represen
200pum.
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In erosion, if there is a white pixel under the structure element, the centre pixel will become
white, otherwise it will be kept blackn dilation, if there is a black pixel under the structure
element, the centre pixel will become blackherefore, erosion disconnects black regions if
the connection is smaller than the structure element and, also makes black regions smaller.
Dilationwill expand black region to recover the lost areas, however the connection between
regions which were disconnected in erosion will not be established again. The sequence of
two processes allows separation of pores which are narrowly connected to eaehwofiile
maintaining the size.Figure2-6 shows a segmented SEM image following erosion and

dilation. In both cases, a structure element of 3 x 3 pixelswsasl.

5) Pores sizes measurement by measuring areas i@ 3¥#ffolds

These areas were the spaces (black) within the scaffold materiak(AtWWte) representing

pores sizesThe steps to extract and export pore sizes are below:
U Click on Analyse ParticlesShowg Outlines(to see outlines)
U Click on Analyse the particles (to extract the area of each segmented region)

The results were analysed outside of Imagkll The area of each pore with its index were

saved in an excel sheet in metric units.

2.8.1 Histogram and Relative Frequerafypores

Thepore size distribution has been presented akistogram of the number of pores at
specific size range® further analyse thesuitability of the scaffoldfor bone cell growth.
The relative frequencytquation (1), of the pores can also be used to further study the
distribution of pores withiran acceptable range igreaterdetail. Abin is the range of values
that divide the samples within a specifiore sizerange into a series of interval$hebinsare
usually specified as consecutive, roverlapping intervalsin this case referring to thpore
size Eachbinincludes the number of occurrences betweidn j, wherei is the first bn and

j is the last bin theseries
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The relative fequercy can be calculated by normatig the number of pores with each size

versus the total number of pores for the specific size range usingdbation(1).

o o . o O ATABRT ORAFOA AEAOTSIQDB 08 (1)
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Relative frequency is the number of values that fall into each bin (interval) dividibx bytal

number of values or sum of values inaflthe bins.

2.8.2 Evaluation Technique
Validationof image processing algorithm is necessary to establish the perfwwenaf the

algorithm. The evaluation is performed qualitatively by comparing the output against the

expected results by an expert or quantitatively by comparing the results of the algorithm on

a known input and measuring the error in the outputs. The lower the error of tharigthgn
the better the accuracy.If the test is repeated and the error is stabkg., have lower

standard deviation, the algorithm is considered to be more robust/reliable.

A reliable reference for evaluating the results of the algorithm is to use calibration saaiple

the SEM imaging instrument and comparing the results of the algorithm against the known

size of the calibration miles. A calibration sample witixcircles of different known sizes,
100, 200, 300, 500, 600 and 10, are used for this experimerfEjgure2-7.

2019-06-14 NL DS.4 x30 2mm

Figure 2-7: SEM image of c#bration circles, scale bar represents 2mr
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The error of &gorithm (%) is measured by sum of errors for each of objects detected by

algorithm against the real size given by the manufactuasrshown in Equatiof2).
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The standard deviation of the error represents the robustness of the algorithm in measuring

the size of calibration circles.

2.9 ArchimedeSQest for porositymeasurement
Archimedesprinciple uses an objects mass in air and in water to determine the desfgitg
object;this canthen be used in conjunction with other equations to determine the porosity

of an object.

2.9.1 ArchimedeSProtocol

The scaffold mass (dry massén gram$ was measured on a density determining kit and
precision balancekern ABT228D)prior to the Archimede@&analysis.The specialised piece

of equipment, known as a density determinate kit, was used for these specific measurements.
Figure2-8 shows open and closed porosity in a schematic diagramszfffold. The mass
(grams)of scaffoldssubmerged in a set volume (2@@) of deionised water for a set duration

of time (5 minutes) was then measured (submerged mass) on the precisioncbal@dhe
scaffold wasthen removed from the water, left on absorbent material for 2 minufes
remove excess liqu)dand then the scaffold mass was measured again, this is known as the

wet mass.

D1
«— >, Closed Pore

—Open Pore

1——D-2_D

Figure 2-8 : Schematialiagramof a scaffold representing open and closed pores. App:
volume is theombinedvolume of closed pores (orange) and scaffold material (blue).
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2.9.2 Archimedes Calculations

The porosity of the scaffoldsere measured based on Archimedes Principle as described in

equationg3) to (9). The apparent volume is defined as the volume of material in the scaffold

includingthe volume of closed pores, s&éegure2-8. This is calculated as the dry mass of the

scaffold subtacted by the displaced water (submerged mass), whi¢hes normalisedby

the density of water(see equation(3)). Deionised water density is estimated to bgcn®.

Thisestimated water density valugvas used throughoutin all calculations where water

density was a factor.
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All scaffolds were near ciindrical shape, and each one w&s2 Y 4 A RSNBR | & WNA:
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measurementsdm) of the scaffoldat two end pointofthe scaffold D1andD2 The average

radius () wascalculated using equatiof).

Op Oc (4)

The volume of Bvelope (volume of cylinder) is defined the volume ofa scaffold including
all of pores. It was calculated by takindpe average radiusr) (equation(4)) and the heght
(h)of the dry scaffold in cm using calligethese values were used in equati(@)to calculate

0KS aSy2d3ey2Sld9S 2r (skS RNE aO0F FF2¢ R

0t 0V QUEMD DG i Q (5)

The envelope eumes of the scaffold (calculated volume of cylindrical scaffoldye
particularly important for obtaining the bulk density of the scafflevhich in turn aidn the

calculation of the dtal percentage of pores within the scaffald Bulk density, or dry bulk
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density, is defineds the material mass (AR\powder) per volumetric unit.Equation(6) is
used to compute blk density.

Oi i Q (6)
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In equation(6), the envelope slume includes the volume ofaterialplus the volume of open
and closed pores within thecaffold The apparent density is defined as the density of the
sampleincluding the closed pores onlyhe apparent density of scaffadan be computed
using equatior(7). AW2 powderdensity is given by the company [GTSBad78gcm?.

Oi bhri Q (7)
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These calculations were exploited further to numerically estimate the total porosity of the

scaffolds, equation(8), and estimate its open porosity using equati@
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2.10 Assessment of nutrients diffusion bNBDG Glucose uptake test

The light sensitive glucose solution was prepared ugifidr(7-Nitrobenz2-oxa1,3-diazot4-
yl)Amino}2-Deoxyglucose(Fischer Scientific, UK), known as-dBDG glucose uptake test,
diluted in Phosphate Buffered Saline (PBS) to obtain a concentratid0@845 mg mi (da
Conceicao Ribeiro et al., 2018J0 assess the uptake over time, the scaffold samples were
placed into 24well plates and labelled according to the timeints chosen (4ours, 8hours

and 24hours). As the scaffold samples chosenre@pproximately 8 mm in height, 1.5 ml of

the 22NBDG solution was added on top of each sample (to ensure that each scaffold was fully

immersed in the yellow solution)he time it took the scaffolds to become yellow by solution
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absorption wasecorded (in seconds), the plates were then covered with foil and placed into
the fridge until the set timgpoint was achieved At each set timepoint, the scaffolds were
carefully removed from the yellow solution using precision tweezers, air dried for
approximately 10 seconds to allow for any excess solution to drip off the samp&esample

was then placed into a new well that was ditked with 1.5 ml of PBS to release the absorbed
2-NBDG, this plate was also covered with foil and placed into itigdr After 24hours in the

PBS solution, 10l (x3) of this solution was placed into 3 wells (of a8l plate). The plate
containing the solution was analyseadsing fluorescence spectrosco@t an excitation
emission of 465/540 nm usimngMicroplate reader BMG Labtech, FL4@r Omega As a

blank control, a scaffold was immersed in PBS solution for 24 hours, and its excitation was

read.

A calibration curves required to link fluorescencéevels measuredto relative glucose
concentration.The curve is used as a reference to estimate glucose concentration in a sample
(uptake or releasepased on itsfluorescence. To obtain this curve; 10Ql the 2NBDG
solution at 0.06845ng mt* was placed into a well of a 96ell plate. A serial dilution was
carried out and readings were taken at an excitation emission of 465/540 nm tlsng

microplate reader.Again as a blank control, wells containing only PBS were also read.

To obtain average fluorescence values, all samplere carried out in triplicate and each
sample was analysed in triplicate to obtain an average readihg.values obtained from the
PBS wells (blank) were subtracted from the values that include@RG solution. A mean
was acquired from the values drthe graphs plotted, using the relevant software a trendline
was added, the Rvaluecalculated and the equation of the line also given. The calibration

curve was used for reference to determine glucose concentration.

2.11 Compression test for echanicaproperties evaluation
To understand the mechanical properties of the h&atted scaffolds, a compression test
was undertaken using &himadzuCompression TestdShimadzu Corporation, 2014 model
AGSX with 10kN load cell)Compressive strengtand young modulus can be derived from
the compression test.The scaffolds were subjected toinimal surface grinding to obtain
parallel surfaces on thaightlyconical frustum shaped scaffoldBhe scaffoldliameters were
measured on both sides anddtheightwasmeasured using digitalcalliper. The parameters
were a crosshead rate @.5 mm mir?, with aload cell up to10 kN for porous scaffolds
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(scaffolds sintered 4240°C).¢ KS & OF F¥2f Ra (KI G 6SNB O2yaiRSI
scaffols were subjected to #ad cell up tol00kN. The experiment waperformed with

care and stopped immediately if a scaffel@nt under failure.

The average dimensions of the scaffoldiere calculated usinghe average height and
diameter. Equation(10) was used to calculate the average diameter (mm), D1 represents the
avylrttsSad RAIFYSGSNA NBO2NRSR oO00KS wiz2LQ 27
diameterso YY O 2F GKS a0l FF¥2f R Dliard2 wede pachineas@ed2 ¥ § K
at 5 points of the saffold and the average used éqguation(10).
O ©
G

O (10

The average heiglftnm)was calculated by taking measurements across 5 different points of

the scaffold andaveraging them.

Stress and Strain are computed uskguatiors (11) and (12). Thenh refersto the change in
the height of the scaffolsldue to stress, and hO is the initi&eight, strain is given as a
percentage.

6 N N G @EAQH Q (12
01 € TYQwo @& Q@

Yo i i 0i @
(12)

¥ \ ) \ 3 unS'/:Q\
YOI @Q¢E wstw%%opnn

Yound@ modulugequation(13))is calculated from thanitial linearslope(before the breaking
point) of the graph at theearly stageof compression (stress, strain) graph. The Y@uag

modulus E iscalculated as thslopeof the curve before breaking poinsingequation(13):

.. YOl Didiw. (13)
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2.12 Statisticahnalysis

All graphs show a mean of 3 samples unless stated otheriBexror bars aret standard

deviations, unless stated otherwisblsing GraphPad Pris®PSS softwamer Microsoft Excel

Oneway ANOVA was usedith a ¢ dz] Sdsehac test p XX 0B wasconsideredto be

statisticaly signifcantcorrelating to* symbol, p1(.01 isdenoted by **, p>X).0001 is denoted
by ***.
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Chapter J; Scaffold Manufacturing Results

3 Results

3.1 Cloud point

The cloudpoint temperature (C)for different PLA concentrations (w:v) f@a range of
dioxanewater concentrationgv:v) wasexperimentally measuredThe experimentalresult
(n=1) s shown irFigure3-1. The general trend of temperature for varioBEA concentrations
appears tocorrelatewith increasing levels of waten the dioxanewater solution. However,

there are some fluctuations irhe values.

70

—4—385:15 —e—87:13 90:10 93:07 —=<100:00
60 /
~ 50 > ¢
o
L 40
=
E .—/r///\/
o 30
o
£
L 20
10 ho: >t - o =X
0

3 4 5 6 7
PLA Concentration (w:v) %

Figure 3-1: Temperature of cloud poiwith respect talifferent PLA concentrations an
dioxanewater concentrationdN=1.

The degree of temperature change for dioxane:water in the following ra@i@4:0, 93:07 and

100:00 appears to be less eviderih 85:15 the temperature fluctuation (increase) is most
evident at 7% PLA.
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Figure 3-2: Graph ofmeancloud pointtemperature versulioxane:Water (v:v) ratio with 5%
PLA. Error bars represent standamdeviations N=5.

The concentratiorof 5% PLA was chosenagreementwith a comprehensive experiment

reported in (Toumpaniari, 2016) The behaviour of 5% PLA in different dioxane:water
concentrations to determine the alid points ispresented inFigure3-2. The cloud point

graph was used to optimesthe manufacturing process for the AW2 scaffolds in this study.

The results of the experiments, shownRigure3-2, identified a correlation between ratio of

water to dioxane and cloud poinfn increase in the water in dioxane:water resulted in a rise

in the cloud point temperature At 93:07 and 1000, cloudl2 Ay G &l & NBIF OKSR |
freezing point temperature of between XA2°C There is a notable difference in the cloud

point at dioxane:water 85:15 (82) and 100% dioxane (10, which indicates that the

volume of water significantly effects the cldypoint temperature.

3.2 Hot Stage Microscopy

The variations of A& glassceramicshrinkage as a function of increasing temperatcaa be
guantitatively evaluaed by consideringhe sintering curve of AWpowder particleswith
sizes between20 ¢ 53 um geneated by temperaturecontrolled Hot Stage Microscopy
(HSM) The sntering curves Figure3-3 and Figure3-4) show the percentage change in area

of the AW2sample during thermal treatment
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38

Figure 3-3: Graph shows sintering (%) of ZBBum AW2 powder in relation to Temperature
(°C) using Hot Stage Microscopy. This graph is from the Misura software and is a sample
representative of 4 repeats. StanddeViations are not shown for visual simplicity.

The key thermal eventsrepresenting the main behaviour of AW2 samplésring the
experiment includeshrinkage temperature intervals (TS1 and T®2)shrinkage amount (S1

and Sat TS1 and TS2 respectivedrd melting temperature interval (TM)Ihese events are

identified in the plotted curves ofigure3-3 and Figure3-4, and summarised ifable3-1.

00118S - Single sample

s

! { +055.0
‘ oss0
“ {0920

zn
A A 2 a -

Figure 3-4: Hot Stage Microscopy Graph representing the sintering percentage (in blue) and
percentage change of area (in green) of ApdRicles at 2653um versus temperatuféC).
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Figure3-4 shows the HSM curves for sintering (%) and the area (%) relative to temperature
(°C). These curves were obtained using Misura software via the silhouettes of the AW2
powder samples as shownkigure3-5. This graph was also used to determine the significant

temperature events reported ifable3-1.

Generally, as the temperature increases, the sintering (%) and area of the AW2 sample (%)
decrease. The HSMaph (Figure3-4) representsthe sintering percentage (in blue) and

percentage change of aag(in green) of AW2 particles with a size rang8@f 53 um versus

|'B A AAa

T1=78rC T2=864C T3=1235C T4=1285C T5=1294C

temperature.

Figure 3-5: Hot Stage Microscopy images of cylindrical AW2 samples at diffe
characteristic thermal events (represented as T1, T2, T3, T4, T4, T5). Arrows show si
events.

Figure3-5 shows the changes in the AW2 sample cylinder silhouettes from the HSM. The
main thermal events are labelled, and changes are indicated with arrows. The silhouettes
reduced in size between T1to T2 (S1), and T3 to T4 (S2), the respective values @ildstan
deviations are given ifable3-1. The melting event is represented as T3-igure3-5, and

as TM inTable3-1.

TS1 S1 TS2 S2 ™
Samples
(°C) (%) (°C) (%) (°C)
5.8
AW2 | 780+9-864+14 13 1235+5¢1285+2.5 | 11.741.7 | 1294+3.5
o

Table3-1: Summary of thermal events derived from the Hot Stage Microscopy curves of AW2
powders. Values are averages with respective standard deviatiods. N=
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The HSM results shothe sintering behaviour in the AW2 sample, and can be explained in

the following stages:

1) The rectangular silhouettas shown on the Misura progra(figure3-5) retains its
shape up until the first shrinkage temdure interval (T1l) is reachedat
approximately 7819 °C).

2) The first shrinkage interval (shown as TSTable3-1) between 781+9 °Cand 864
+16°C (T2) resudtin a shrinkage (S1) of 5% as showmable3-1.

3) Aplateau was observed between T3 from 864+16 to 1235+5°C)

4) The gcond sintering event (TS@nset wasat 1235+5°C to 1285:2.5°C (T4) with a
shrinkage (S2) of 11.794.6%.

5) The melting temperature (TM) could be seen by the ragiistortion of the sample
silhouettes at this point the experimentwas stopped manuallyThe AW2 melting

temperature was approximately 1292.

3.3 Sintering temperature optimisation

PLA(5%) wasusedin the production of the AV¥ scaffolds(as described imethods section
2.3.4), whichwas burnt out duing step 1 ofthe two-stepheattreatment process, and thus a
mass change of at least 5% was expectElde standard deviatiornia mass changeerevery
low across all scaffoldsOneway ANOVAhowed that thereis high statisticalsignificance

betweenall of thescaffolds the statistical signitancewasp < 0.@01 (***).
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Figure 3-6: Mean mass loss aftéwo-step heat treatd scaffolds as a percentage (%). Error
bars represent standard deviatiops. <. O(***). IN&51

Figure3-6 shows the percentage (%) of mass change for the scaffadds & freezedried
state, to after sintering (heat treatment), with a change identified between 7.7% to 9.8%,
which isin line with the methodologyhe highest loss of mass for scaffolds was at 90:10 and

100:00 dioxane:water concentrations.
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Figure 3-7: Mean volume loss of scaffaldftertwo-step heatreatment as a percentagé).

Error bars are standard deviationp.. <. 0 . 0 OAl &caffoldstndejwentthe twastep
heat treatment N=5.

Figure3-7 shows the volume shrinkage from freeddaed scaffolds to post sintering, the most
shrinkage was noted at 100:00, and the leadtrinkage at 87:13dioxane:water
concentrations. The standard deviations are very small across all scaffolds with different
dioxane:water concentrationsTheresults show that there is not an overall trend towards

predicting volume shrinkage of scaffolds aeding dioxane:water ratios.

3.4 SEM Imaging aintered scaffolds

The scaffolds were fabricated using the method described in Se2i®hd and SEM images
were acquired foreach of the scaffoldsFigure3-8 shows sample SEM images of scaffolds
(dioxane:vater concentrations, 85:15, 87:13, 90:10, 93:07 and 10Gdltx)catedwith a two-
step heat treatment, with1235°C sintering temperature. There is necking visible between
the particles at all the different concentrationsPore size variations are noted as the

dioxanewater concentrations differ
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Figure 3-8: Scanning Electron Microscopy Image of scaffatter twostep heat treatmen
scale bars representative of 108. A) Dioxane: Water 85:15, large AW patrticles visit
B) Dioxane: Water 87:13 some porosity candaen. C) Dioxane: Water 90:18rbe pores
visible and interconnections can be seemd@). D) Dioxane: Water 93:07akge AW
particles can be seen (arrow). E) 100% Dioxane, pores are visible.
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The scaffolds at 900 have the most open pores and larger in sitandling stabilitywas
determined from 1220°C and aboveScaffolds at 120°C were obtained, but they were
attached to the platinum foil andhad minimal porosity This indicates that these
temperatures are too higho obtain scaffolds of suitable pore sizes, a furtpeoblem was

their stability and handling difficulties.

3.4.1 Evaluation o6EM Image Analygisgorithm

EM images of the standardtalibration samplewas wsed for evaluation of the image
processing algorithm describes3action2.8. The algorithm was applied on the sample image
whichhad circles of varying sizes artetresults were analysed to represent the percentage
(%) difference of the detected area against the real area of the circled supplied by the

manufacturer. This process was repeated 5 tinteggenerate the standard deviations of the

error.

2019-06-14 NL DS.4 x30

Figure 3-9: Calibration standardwith 6 differentcirclesof known dimension®) SEM imagge
B) Detected circles using the SEM image analgfgerithm.

2mm

Figure3-9 shows the original SEM image of the standard calibration sample, and a sample
result using the algorithmDue tolimited resolution of the SENMnagingthere will always be

a slight error athe boundary of the image
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Figure 3-10. Magnified results of SEM image analysis for two of the circles.

The calibration circles shown figure3-10 shows the different outcomes of the boundaries
of the two circles. Circle number 3 has a symmetrical boundary as opposed to circle number
4 which shows an asymmetrical boundary. This regessthat the size of circle number 3 is

measured more accurately than circle number 4

Average Standard Deviation

Percentagebrror (%) -1.36 2.29

Table 3-2: Percentage (%) Error of Image Analysis Algorithepplied on calibration
standards imageN=>5.

Table3-2 shows the results of percentage (%) error of the detection algorithm against the

true dimensions provided. The result is concluded over running the algorithm 5 times, and
computing the averagand standard deviation of the percentage (%) error using the equation

(2). The results show that on average the size of the circles detected by the algorithn?ts 1.36

smaller than their real size. This represents that the algorithm the size reported by the
algorithm are smaller than the real size. The standard deviation of 2.29% represents the
variation of the detected circles which is partially due to the digitrateffect and the

resolution of the image which was 4.4 per pixel.

3.5 Porosity and Imaging Results
I NDKAYSRS&aQ R Sagdekciibdd i€ektibr?. 84 wadiuie i feasure thEotal
porosity, Openporosity,and Closed porosityf the AW2scaffolds.
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Figure 3-11: Graphof mean open porosity (%) and medased porosity%) of scaffolds at
different dioxane: ater ratios. All scaffolds were sintered B235°C. Open porosity is
represented at the base of the graph in blue, theed porosity is represented tine top
secton as orange.Satistical significance was determined@k 0.05 (*) andp. <. O
(***) for open porosityMean values are shown with standaleliation, N=3.

Figure3-11 shows that the total porosity for all of scaffolds were above 65%. Two groups of
scaffolds (90:10 and 100:00) showed the highest total porosities of 74% and 75.8%
respectively. Open porosity was the highest in scaffodsmufactured in90:10 (dioxane:
water), which also has one of the highest total porosities. High closed porosity was present
in 100:00 (dioxane:water) scaffolds. Open porogitlicates nterconnected pores within the
scaffolds. Each of the scaffolds labelled v#ith identify open porosity that is statistically
significant with pvalue <0.0001 against all the otherShe other three scaffoldsomprised

of anopenporosity with a statistical significance of p < 0.05 (*).
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Figure 3-12: Total porosity(%) within the scaffolds manufactured at different concentrations
of dioxane:waterk-or all cases (p<0.00D, ***) apart from two cases shown on the figure with
(*) or (**). Mean values are shown with standaeviation, N=3.

Figure3-12 demonstrates the total porosity calculated within scaffolds manufactured at
different dioxane:water concentrations. All scaffolds arevstn 60% and 76% porous. Gne
way ANOVA indicated that dioxane:water concentration had a significant influence on the
total porosity (%) of all the scaffolds, was a minimum significance of p<0.05 (*) to p<0.0001

(***). Cases with (*) or (**) are shown ithe figure.
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Figure 3-13: Open porosity(%) within the scaffolds manufactutat different concentrations
of dioxane:water(p<0.0001, ***). Mean values are shown with standalelviation, N=3.

Figure 3-13 demonstrates the open porosity of scaffolds manufactured at different

dioxane:water concentrations. Thapen porosities vary from the lowest open porosity in

85:15 at 19.6%3.1% to the most open porosity in 90:10 at 41 .8%3%.
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Figure 3-14: Closed porosity (%) within the scaffoldgnufactured at different concentrations
of dioxane:waterFor all cases (p<0.0001, ***) apart fronthe cases shown on the figuas

not statistically significant (NS) or p<0.05 (*Meanvalues are shown with standadé@viation,
N=3.

Figure3-14demonstrates the closed porosities within the scaffolds manufactured at different
dioxane:water concentrations, the scaffolds manufactured with 90:10 dioxane:water
concentration had the lowest closed porosity at 31.4%7%, the scaffolds manufactured at

100:0 dioxane:water had the most closed porosity at 4743%5%.
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Figure 3-15: Distribution of pores fora different range opore sizes, 10 1920‘ G . Sizes
below and abvetheseranges are excludedAll varieties of scaffolds and their bin ranges
havesignificanceagainst each othgy < 0.05(*). For readability, the ANOVA is nancluded
on thegraph N=3.

Figure3-15shows the distribution of porewithin different scaffolds manufactureassing the
two-step heating process with final temperaturgsstep 2at 1235°Cfor 1 hour. Scaffolds
manufactured with 90:10 (dioxane: water) consistently have the highest number of pores at
each bin size range. The lowest number of pores were found in scaffolds 85:15 (dioxane:
water), which makes these scaffolds the most undesirddaeell growth. Pore sizes under

10 um? are excluded from thigraph as they are not suitable for cedttachment, however,

they play an important role for transport of nutrients and waste removal.
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Figure 3-16. The average number of pores usi8GM andimage analgis technique. Th
micropores (bue) represent poresith sizesip to80um, the macropores (ange) represen
poresof between 80 960um. N=3.

Figure3-16 indicates the number ahicropores (1@; 80 um) and macropores (89960 um)

within the scaffolds manufactured with different dioxane:water concentrations (viv). The
scaffolds manufactured with 90:10 (viv) had the highest number of macropores and
micropores amongst the group. h& scaffolds manufactured with a ratio of 85:15
(dioxane:water ) had the lowest number of micropores and macropores. All the scaffolds had
higher numbers of micropores compared to macropores, therefore the number of smaller

pores were more predominant ithe scaffolds.

3.6 Nutrient Diffusion; 2NBDG
The calibration curve was used to determine the percentage of glucose released from the
scaffolds. The values for 50% and 100% glucose have been omitted as they are not relevant

to this study.

©w pB W 19
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Figure 3-17: Calibration curve of 2NBDG at different glucose concentratiof® value is
0.95 mean values are shown with standakelviation, N=3.

The calibration curve{gure3-17) is considered to be linear, and equatidd) can be derived
from the data. Duringexperimentation the scaffolds became homogeneously yellow very
fast (within seconds). After immersion iB® for the set time, the scaffolds still remained

yellow in hue, visually indicating slow release of the yelPaMBDG solution.
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Figure 3-18 The fluorescence values obtained from the different scaffolds made

different dioxane:wateconcentrationsmean values are shown with standaddviation,
N=3.

The fluorescence intensitfFigure3-18) ranged from 15%0 210, andhe calibration equation

(14), was usedo calculate the percentage of glucose releasé&iijre3-19).
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Figure 3-19: Graph ofthe Glucose released from theafolds after 24ours in PBS as
percentage (% mean values are shown with standaeliation, N=3.

Figure3-19 shows the calculated percentage of glucose released, the values fall between
11.0%c¢ 14.5%. The scaffolds manufactured with 100% Dioxane, have the highest glucose
release at 14.5%0.9 (STD).
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3.7 Mechanical PropertiesCompression
A sample stress againgtan graph from a scaffold manufactured at 90:(tloxane: water)

is shown irFigure3-20.

Stress (MPa)

10
Strain (%)

15 20

Figure 3-20: Stressstrain graph of a scaffold manufactured at Dioxane: Water 90:1
1235 C. The YoungModulus was calculated as the gradient of the linear region, in re:

In Figure3-20, the stress starts to decrease around 34/Strain and then increases around
9.3% strain. , 2 dzy 3Qa (i3 éulizilated as theslope aound 2% strain, which is
consistent with the range of strain for varieties of trabecular bones, spongy kdimesner
et al., 2007)
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Figure 3-21: Stressstrain graph ofa scaffold manufactuatat doxane:water (90:10 at
1235 C. Modulus was calculated as the gradient of the linear region, in red.

Figure 3-21 shows the stresstrain graph for another scaffold manufactured at 90:10
(Dioxane: Water). This graph follows a different trend compared to the gralpigime3-20.

It can be suggested that the pores within the scaffol&igure3-21are more homogeneous,

as the graph shows continuous regions of stress increase followed by fluctuations in stress

levels with increasing strain and gradual failure in taterg stress.
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Figure 3-22:Young's Modulus (MPa) of the scaffolds in relation to manufacturing technique
of scaffolds (different Dioxane concentrations) sintere285C. The Error bars represent
standad deviationsN=3.

¢ KS | @SNI IS lus Brdiiffeietsscafico@Rwimithin 100 MPato 140 MPaas

shown inFigure3-22. Figure3-22 shows thatscaffolds manufactured witllioxane:water
concentration100:0 and 90:10 have®$h f 2 6SadG G2t SNI yOS F2NJ LINBaa
valuesof 110 MPaand 112 MPa, respectivelyl he® scaffold5(100:00 and 90:10have the

most open porosityand it is therefore reasonable that 2 dzy’ 3 Q & isYgenBralitfthiza

lowest Scaffolds 90:1®ave the lowest standard deviation. Standard deviation of 90:10 is

very low in comparison to the other manufactured scaffolds; this represents greater
repeatabilitywithin the manufacturing techniqugroducing scaffolds of similar compressive
strengths. OneWay ANOVA witlt dz] Sriéltbee comparison test was carried out on the

data presented irFigure3-22, the test showed that ther@o statistical differene between

the scaffoldsexistgg G GAaGAOFtf AAIYATFTAOIYOS 41 & RSGSNI)A
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Figure 3-23: Compressive strength (MPa) of scaffolds manufactured with different
concentrations of dioxane:wateiSignificance shown gi<0.01 (**) p<0.001 (***) p<0.05
(*). All othercompressive strengths were not significantly different (NS).

Compressive strength of the scaffolds is showRigure3-23. The peak compressive strength

was calculated from thetress strairgraphs, an example is shownkigure3-20.
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Figure 3-24. Graph demonstrating the relationship between the compressive strength (MPa)
and the total porosity (%) of the scaffoldé=3.

Figure3-24 shows the total porosities of the scaffolds (%) in relation to the compressive
strength (MPa). The figure suggest that compressive strength is inversely correlated to the

total porosity.

3.8 Discussion

There are several factors that determine the suitability of scafftidcell testing.The main

factors include the open porosity of the scaffeldhe total porosity, the sizand numberof

pores, as well as the mechanictlaracteristics anttandleability of the scaffoldd®kose et al.,

2004, Will et al., 2008, Bose et al., 201 &affold with greatompressivestrength may have

minimal porosity which would be disadvantageous with regards to cell tesgsOF F¥F2f RQ&
suitability is a balancing act ahany factors, to logically select aepeatable scaffold
manufacturing technique that will resuh overallefficientscaffolds. These factors haveden

evaluated for each step of the manufacturing proceke resultsof whichare presented in

Chapter 3¢ Scaffold Manufacturing Result§ his section will focus odiscussion of these

results.
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3.9 Hot Stage Microscope

Hot Stage Microscopy was used to study the sintering and shrinkage behaviour of the raw
AW2 powder.Thehot stage microscope enabled analysis of different particle fractions of the
milled AW2 powder, which determined the temperature range for sintering anehabled
observation of the shrinkagevhich previouslyrasbeen shown to be influenced by the shape

of the raw AW powde(Toumpaniari, 2016, Rodrigues, 2018he SEM images this study
showed a variety of particle shapes (cuboidal and elonggieeentin the AW2 powderin

the sinteredscaffolds Figure3-8). These shapes have an effect with regarding to necking

between particles during sintering, also on the pore shapes between the particles.

3.10 Cloud Point

The cloud point was vital for understding thephase separation temperature and tieéfect
of adding a norsolvent to the solubilisation of PLA'he point of turbidity warelated to the
water content used; higher water concentratioresulted in higher turbidity temperatuse
It is important to note that there was only a 5% difference in water centrationbetween
85:15 and 90:10but the cloudpoint temperature difference was around 30. In the 93:07
and 100:0 experiment, the cloyabint temperature remained stable at around ¥0¢ 12C
which is equal to the reportednelting/freezing temperature of xane (Pohanish, 2017,
Aldrich, 20D). This indicates that a water concentratio less than 7% as nonoticeable

effecton the cloud pointtemperature.

3.11 Pore sizes

Many architectonic characteristic ¥ (G KS a0l F¥F2f R Awid atdzdy OS
proliferate and differentiate onscaffolds;the major factors include pore distribution,
interconnectivity, pore size, and morphology relation to a biological point of view for cell
tests, the wrosity of scaffold, both with regards to microporosity (10 pm ¢ 80 pum] and
macroporosity(80 um ¢ 960 um] is vital for allowing penetration of nutrientand cells.
Interconnectivity refers to a pore that enaldeonnections between at least tvather pores.
Macroporosity amn macrainterconnections enablecells to penetrate throughout the
scaffoldsand to remain within thgpore boundaries.The microporosity and ierconnectivity
at this level allows nutrient and gas diffusion across thicropores and nanopores that
permits waste disposgVacanti et al., 1988, Mikos et al., 1993, Woo et al., 2888enables

a rough surface for the cells to attach to.
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Figure3-15 andFigure3-16 show the distribution of pores across the different scaffolds, the
graphsshow that the scaffolds manufactured twia doxanewater concentration of 90:10
have ahigher number of micropores @nmacropores,ndicatingthat these scaffolds are

potentially more suitable for cell infiltratiorattachmentand differentiation

Figure 3-8 shows that the surface oécaffolds ad the pores have a overall rough
morphology which could potentially be appropriate for cell grow(Rerez and Mestres,
2016) The large ariations in pore sizesould offer a suitabé environment for nutrient
transfer, waste diffusion and cell attachment on the pores and surfageseen irFigure

3-16, Figure3-8, andFigure3-15.

The pore areas measured using the image processing algorithm, are correct for any pore in
the image which is not on the boundary of the image. However, parts of pores which touch
the boundary of image are cut during imaging and such pores are imaged partially. This
results in having smaller pore size for pores which are on the boundary of an.irAtsge the
statistics presented for pore sizes tend to exhibit the size of pores smaller than their true size.
To rectify this error, one can add another step to the algorithm to find any pore which touches
the boundary of image and exclude them fromadysis. The area of image used to calculate

the statistics will also need to be modified accordingly. This can be subject of future study.

3.12 SEM Images

Qualitatively the connectiondetween the AW?2 patrticles (known as necking) were seen on
the SEM imageinFigure3-8. Large particles (around 40n ¢ 50um in size) can bebserved

in Figure3-8A and D, both of which sen to show smaller pore sizes and less interconnections
between the pores. Thisis in agreement with the results founffom the Archimede®
calculationskigure3-11) as 85:15 and 93:07 scaffolds have the leaabunt ofopen porosity
and the most closed porositiesA higher percentage of closed pores could be indicative of
higher strength scaffolsl as the pores have AW2 particles on all sides andpcaxide

stability.

In Figure3-8D thewhite arrow indicatesa large particle thats still similain morphology to
un-sintered AV2, although other particlesn the SEM show necking.The scaffolds
manufactured with dioxane:ater concentrations of 9B7 appear to haveelatively small

pore sizesand Figure3-15is in agreementsthe pore size distributionshow that 93:07
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scaffoldshave hgh numbers of micropores compared to the numberarfgerpores. The
SEM images of the scaffoladentify high diversityin morphologyof the poresamongthe
different manufacturing techniques. In Figure 3-8C, there are clear large pores and
interconnectiorscan be seen on the 2D image, bufigure3-8Athe pores look to be much

smaller in size and more compact, this is suppaitvg the findings shown iRigure3-15.

Pore sizeévinsin Figure3-15 have beerproducedto show onlypore sizes above 10m, this
isin line with studies byWhite and Shors, 1986, Lu et al., 1988)ch showedhat osteoblast
cells successfullyfiltrated a 10 um ¢ 50 um porous interconnection in HA scaffold3he
osteoblastlike cell body (human osteosarcoma cell line S20ange from fum to 50um in
size, with a cell area ranging from 406¥ to 800 um?, and the cell length varying from 40
pum to 90um (Baran et al., 2015)Osteoblast cells are usually thin and long (elongated) when
in a suitable environmentEarlier esearchsuggess that a pore size of 1um would allow
ingrowth of osteoblastcells, while a 15um ¢ 50 um pore size wouldssure fibrous tissue
formation, andthe largerpore sizes woulgenerallyfavour new bone formatiofWhite and
Shors, 1986, Lu et al., 199%ecent studiesuggest using scaffolds with large pore siaes
around 500um, however itcontradicts with the biological nature of osteoblast cells which
are usually 2@m to 50um in diameter(Qiu et al., 20193nd the esearch bylee et al., 2010)
which shows that scaffolds with pore sizes around 50fn or more are not suitable for

attachment of the preosteoblastic cells, M3TB1.

3.13 Porosity (Archimedes)

The porosity of the scaffoldsese determined using the density kit and a liquid displacement
method (| NO K A Y @&aRsssjF@urd3-11 shows that overallthe scaffolds had between
63% and 73% total posity Gum ofopenandclosed pores), which is considered to be a high
overall porosity.The total porosity does not seem to follow a trend regardingdiuexane to
water concentration this is indicativethat other factors in the manufacture and pest
processing of freezdried scaffolé may be responsible for the grear variation inopen
porosities. Sintering temperature plays a vital role in the structural integrity and morphology
of scaffolds,a highsinteringtemperature, close to or above theelting temperaturecan
result inscaffolds with decreased microporositiéBignon et al., 2002, Bignon et al., 2003,
Habibovic et al., 2005) A lower sintering temperature can result in a higher number of

microporeswhich aidin osteoblast adhesioBignon et al., 2003, Habibovic et al., 2005)
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Porosity can decrease for high sintering temperatures, this can be due to shrinkage
mechanismgBignon et al., 2002)The scafftds have good interconnection, angood open
porosity as indicated in the Archimedeanalysis Figure3-11) and the nutrientdiffusion
analysigFigure3-19).

It is very difficult to link the distribution ofgres Figure3-16) to the porosity of the scaffolds
(Figure3-11), due to the fatthat the measurement of internal pores is not possible using
SEM imagesPorosity measured using Archimedgaantifiesthe porosity within the whole
scdfold, while SEM only shows the pores on th&ermost surface.Therefore, there can be
discrepanasin relation to thedistribution of pores on the surface and inside the scaffold,
e.g. the surface of scaffold has micropores linkedrany internal pores (open or closed

pores) under the surface.

3.14 Glucose uptake nutrient diffusion

The nutrient diffusion test suggests that the labelled glucoseuwpetsikenby the scaffolds at
a relatively similar rate across all scaffold$ie scaffolds showed a glucas¢éeaseof around
11%to 14.8nwithin 24 hoursn PBSwhich suggests that the @hecular porosity is adequate
for nutrient diffusion and waste removahroughout the scaffold, Figure 3-19. This
microporosity is imperative for cell proliferation dndifferentiation The time (4hours, 6
hours and 24ours) the scaffolds were in the gluca@nbdg)solutiondid not seento have
an effecton uptake or the release of the glucoseThis indicates that for cell tests, the
scaffolds can be preonditionedin the necessary media for as little atidurs pror to cell
seeding, as duratiodid notsignificanty effectnutrient diffusion uptake In the cell tests, the
scaffolds may be preconditioned with media for less thamodirs,other time ponts will be

evaluated.

3.15 Mechanical Properties

The compression graphs of the scaffolds are particularly interesting as they show the porosity
variesthroughout the scaffoldsas shown irFigure3-20, where the graph shows some failure

around 4.06with its lowest stress shown around a strain 86810% Fom a strain of 100

onwards it appears thahe scaffolds can tolerate stress again, this may be attributeti¢o

pores breaking down under the compressive loaith it KS LINB @A 2dzaf & & SYLJe&
with AW2 powder particles and eventually resulting in a denser scafféédvaso et al., 2016,

Turrbull et al., 2018) The pores are increasingly fillegith powder fromthe internal layers
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and consequenthare able to undertake aigher compressive loadThis potentially suggest

that porosity is availablsomewhathomogenously throughout the scaffold.

[ 2YLI NAYy3I , 2dzy3Qa& Y2Rdzdza FyR O2YLINBaairgsS a
Figure3-22 and Figure3-23, show that scaffolds in group 100:0 have the lowest value of
Youngs modulus and compressive strendgBiven thatthese scaffolds, 100:0, have the most

total porosity Figure3-12), suggests that the percentage of porosity can be correlated with

GKS ao0l FTR¥ RDARIzi2dday A yR O2 YLINBaaA @S adGNBy3d
structural stability.

Figure3-22 shows that saffoldsmanufactured froml00:0dioxane:water concentration have

the lowest Youngs Modulus at 104MPa, with ®:10 havng the secondowest toleranceat

126 MPa The® scaffoldg(100:00 and 90:10)ave the most open porosity and trefore it is
NEFaz2ylofS GKIFG G klSlusBdefe@idgbwertiuRthe othelzgcaffdldgs Y 2
representingless tolerance testress The compressive strength of 100:0 is the lowest at
1.9MPa(Figure3-23) whichrepresents that this scaffolds manufacturing technique produces

the weakest scaffolds for tolerating compressive loadd$ie scaffolds at 90:10 and 93:07
dioxane:water concentrations have the nexhall compressive strength of 5SMPa and 5.4MPa
respectively Thecompressivestrength appearsto be inversely correlateavith the total

porosity, Figure3-24 (Bignon et al., 2003)However, this relationship appeato be non

linear.

The change in stress/strain is almost linear initially up to aroundMP&a with sone
turbulencein (Figure3-20), whichis indicative of porous stions ofthe scaffoldng starting

to break. After the peak at amaximum strain of around 4.Pa, the scaffold reaches
breaking point For this study the behaviour of scaffsldefore the breaking point is most
important. Figure3-21 showsthe stress/srain curve fora different scaffold. The behaviour
before breaking point is similar that observed irFigure3-20, however the behaviour after
the breaking pointvariesin comparison The behaviour of the scaffolds after the breaking

point is reached, is not of interest for scaffold fabrication.
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3.16 Evaliation Matrix

A set oftestswere performed orthree or more scaffolds from each category and the results
were compared to find suitable scaffolds for bone tissue growth. An evaluation matrix was
generated to combine these characteristictoione table Table3-3). This table shows the

differentlevelsof each paramete(from bestto worst) for each group of scaffolds.

Dioxane: Mechanical Archimede$2| Number of Pres Nutrient
water properties analysis in each range Diffusion
ratio (v:v) (MPa) (Porosity)
Compressive| Youn Micro Macro Glucose
o b 9 |open |Tota |10 ¢ 80|80 ¢ 960
trength Modulus release
(Hm) (Hm)
196 | 63.6
+
131 | +35 82 26 11.0£10

232 179 11.7+1.2

36.9
+2.6

90:10 5.020.4 12.140.8
_ 243 | 65.7
93:07 5.420.4 314 163 11.2+11
_ 28.2
100:0 1.920.7 265 194 -

Table 3-3: Evaluation Matrix of the scaffolds represented from highest to lowest for each of

the characteristics based on tegperimental resultsThe dark lbown/yellow represents the

Abest o i n t he chavhadteerdrstli ctcgbht cpbkbbdnmw r ep
characteristics.

To simply evaluate the effects of the dioxane:water concentration on the parameters a Likert
scale with a weighting of 5 to 1 is used to represent the best to worst group of scdifolds
tissue regeneration. This allows for simple Ui comprehensive comparison between
parameters respectively (sekable3-4). The weights for comprehensive evaluation matrix
are given for each of the parameters basadits effect on scaffold3suitability in terms of

mechanical strength, micro and macro pore siaed thelevel of nutrition diffusion.

Scaffolds with higher compressive strength are more suitable for mimicking bone, therefore
scaffolds manufactured wit87:13 and 85:15 dioxane:water concentration with high values
of 7.3MPa and 7.MPa are both given weigimg 5, followed by 90:10 and 93:07 which are
given equal weighting of 4Scaffolds 100:0 is given the low weigigof 1 due to having a
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much lowercompressive strength of 1.BIPa. The Yound@modulus for all scaffolds are
higher than 100MPa which all are suitable for bone regeneration and modelling, so they are
given an equal weighting of 85iven that higher porosity within scaffolds are morétaiole

for bone tissue growth, scaffolds with both higher open and total porositiegiaen higher
weighting. Similarly, scaffolds with higher number of pores are given higher weightings and
scaffolds with the lowest number of poragegiven the lowesweight of 1. Scaffolds in group
100:0 have the higher level of glucose releasaregiven weighing of5, and scaffolds 93:07

and 85:15 with closely similaylucose releasé¢evels of 11 and 11.2 are given the lowest

weighting of2 for that parameter.

Dioxane: Mechanical Archimede€)| Pore Sizegum) Nut.
water properties analysis Diff.
ratio (MPa) (Porosity) Total
(viv) Comp Young Open | Total | Micro 10 Macro Glucose
Strength | Modulus -80 80- 960 release
85:15 5 5 1 3 1 1 2 18
87:13 5 5 4 5 3 4 3 29
90:10 4 5 5 5 5 5 4 33
93:07 4 5 2 4 4 3 2 24
100:0 1 5 3 5 3 4 5 26

Table 3-4: This tableuses a Likert scale toank the Best (5) and Worst (Bcaffold
characteristics withireach column. Its a numerical conversiorf olable3-3 above. The best
scaffoldis that manufacture fror80:10(dioxanewater (vv)) with the highest value &B3.

The sum of these weightings was computed for each of the five scaffold groups
(dioxane:water concentrations), and then presented as a measure of scaffold suitability in
Table3-4. The results show that total scaffolsuitability valueis the highest for 90:10
dioxane:water concentration with a total weighting of 38llowed byscaffolds87:13with a
weighting of 29; closely followed by 100:0 and 93:0vihgclosely similar weightings of 26
and 24 respectively This analysis shows that the processing steps used to manufacture
scaffolds with 90:10 dioxane:water (v:v) best represent human bone structure, consequently
this manufacturing technique has beamosen for the next step of the study for tissue
growth. The standard deviation of valuesTable3-3 shows that the scaffold group 90:10

has the lowst standard deviations in four out of five parameters, representimgt the
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manufacturing process for this group produces more predictable scaffolds with lowest

variations, and therefore is most repeatable/reproducible.

3.17 Summary and Conclusion

An optimsed manufacturing process for 3D porous Apatiellastonite 2 scaffolds based on
90:10dioxane:watefThermally Induced Phase Separation (TIPS) methods was presented
here. Cloud point analysis for the TIPS process was used to determirtertiperatures
required for scaffold manufacturing. The manufacturing process produced repeatable
scaffolds each time (over 140 scaffolds manufactured in different batches) with a porosity of
60-76% dependant oithe dioxane:waterconcentration. Calculations based on Archimedes
principal were utilised to obtain the open porosity, closed porosity and total porosity of the
scaffolds, this was used to determine the best manufacturing methd algorithm was
designel to measure the pore sizes and distribution from Scanning Electron Microscopy
(SEM) images of any given 3D scaffold surfadee algorithm was independent from the
shape, size, and orientation of the poréhe accuracy was verified by applying the atgm

on SEM images of calibration kit with holes of vangtamdardsizes. The results on SEM
images of the calibration kit showed an average error of +1.2% and standard deviation of
+2.3% as validated against the sizes provided by the manufactureralabration

kit. Mechanical tests were performed to determine the stability of the scaffolds for the
intended purpose; to replicate bone as amvitromodel. In conclusion the scaffold
manufacturing process was repeatable and produced highly porousttsfivhich will be

further exploredin-vitro in the next chapters.
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Chapter 4 Interconnectivity Improvement of AW2 Scaffolds

4 Interconnectivity Improvemendf AW2 Scaffolds

4.1 Abstra¢

In theChapter Z; Materials and Methodsan optimised process of manufacturing Thermally
Induced Phase Separation (TIPS) AW2 scaffolds was preserttegwill be referred to as
AW?2 scaffolds. To this end, the suitability of AW2 scaffolds in terms of porosity and
interconnectivity due to sintering temperature and dioxane:water ratere studied and the

manufacturing process optimised.

This chapter stuies different potential approaches to further improve the interconnectivity
of AW2 scaffoldslmproving interconnectivity is important as it can aid the progress of cell
growth in scaffolds.This can be enhanced by either imposing interconnectivity duitire
scaffold manufacturing process or by modifying the manufactured scaffdlds.techniques
include using a negative mould during scaffold manufacturing process to impose
interconnectivity or generating interconnectivity by making holes (channetsgesoves on

the scaffolds at some stage during the original manufacturing procélse potential
techniques from each methodre investigated and evaluated by comparing changes in the
porosity and interconnectivity of scaffolds, performing the mechanitedting, and

reproducibility of the scaffolds duringe manufacturing process.

4.2 Introduction

Improving the interconnectivity of pores is known to help the progress of cell growth in
scaffolds further(Lee et al., 2010, Turnbull et al., 2018hterconnectivity is commonly
improved by imposing interconnectivity during scaffold manufacturing process and/or by

modifying manudctured scaffolds.

There has been great research on manufacturing scaffolds with controlled porosity and pore
structures using 3D printed materialslutmacher, 2001, Bose et al., 2003, Hollister, 2005,
Bose et al., 2013, Zhang et al., 2014, Barbeck et al., 2017, Pierantozzi et al., 2020, Gamarero
Espinosa and Moroni, 2021lowever, little attempts have been made to combine ffeem

scaffold manufacturing and controlled porosity manufactlirecaffold (Hollister, 2005,
Chaudhari et al., 2016, Timpaniari, 2016) Toumpaniaristudied the method ofmproving
interconnectivity by using 3D printed templates during manufactugragess.Toumpaniari
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inserted AW powder int@ 3D template followed by sinteringlthough his technique did
not producesuccessfuscaffolds as they were not uniform and unrepeatabl€thers have
used a single largehannelin centre of the AW scaffold, andnalysedthe growth of
MesenchymalStem Cells (MSCs) on such scaffold withivo experiments on mice(Lee et
al., 2015) The result was successfwith the subcutaneous implantation imice. This
showed that improvinginterconnectivity can help with cell growtiHowever, having a single
large channel may not be consistent witte structure of bone, itlid show apromising result

regardingcell growth on the scaffokl

In this chapte(4), two groups otechniques based odifferent categories of interconnectivity
improvements (during manufacturing and after manufacturing) were investigaldue first

group focuses on enforcing intnnectivity by adding a 3D printed PLA scaffold duttieg
manufacturing process, and the second group increases the interconnectivity by making holes
and grooves into scaffold at later stages after manufacturing proc@$se next section
describes(4.3) approaches used in each category of techniques in detail with methods of
scaffold charactegation. The detai$ of manufacturing process and results are presented i
Section4.4 which is followed byhe concluding remarks otine evaluationof the achieved

results for each of théechniquesand the comparisons Sectiord.5.

4.3 Methods
Several different methods were explored to increase the interconnectivity (total porosity and
open porosity) of AW2 scaffolds. In thiggen a Fused Filament Fabrication (FFF) 3D printer

(Ultimaker 3) was used, which will be referred to as 3D printer.

4.3.1 Enforcing interconnectivity during manufacturing process

Threedimensional porousPoly Lactic Acid (PLA) moulds witigh interconnectiity have
been designed, manufacturedand incorporated as negative mouldsduring scaffold
manufacturing processlhe negative moulds weminted using a Fused Filament Fabrication
(FFF) 3D printer (Ultimaker 3) amded during casting stage of the prose® produce
scaffolds with large interconnectivityThe PLA sizandthe gap between PLA structuege
critical factors in the design, and using the righinting parameters during 3D printireye
essential toobtain stable reproducible resultsThe PA structures are optimized to obtain

stable reproducible results by carefully designing the 8t sizes, the gap between PLA
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structure and modifying the printing parameters during 3D printitigtheory the negative
PLA mould burns away during thetsinng process, leaving behind an AW2 scaffold (inverse

of the PLA negative mould).

The moulds were designed to have different gaps and different A sizes which
represents the AW parts of scaffolds and the size of interconnectivity, respectieigure

4-1). The negative moulds were designed using AutoCAD software (Fusion 360 v2.0.10244),
and manufactured using the 3D printer and PLA. The thickness and height of PLA, the gap
between the layerdor each of the designs, and the printing parameters (resolution, print
speed, built plate temperature, and nozzle temperature) are major factors in the final
product. These factors were optireed and altered to ensure reproducibility during the
negativemould manufacturing.The printersetting, reglution = 100um, print speed= 60

mm per secbuild plate temperature= 68 , and nozzle temperature 200C, were optimal
values for printing 3D moulds used in experiments here. These parameters produced

successful 3D printed moulds askigure4-2B.

A diverse range ofylindrical and cubicalesigns were initially investigated, with different

void spaces and PLA thicknesses, and an initial evaluation on the manufactured scaffold was
performed. Essentially, the initial evaluation aimed to establish whether the negative moulds
are stablein terms of productionduring the casting proceskthe casting can beepeated

with mechanicallystable scaffolds produced.Fourof the designs were chosen for detailed

analysis, and are presented kigure4-1.

10mm

Figure 4-1: Four different CAD designs for 3D printed PLA to be used as negative mould (not
to scale).
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These designs where chosen as tha&guld ideally permit interconnectivity in three
dimensionstherefore allowing the media andells to propagate within scaffoldThe final
evaluation of suitability of the scaffold in comparison to thégind AW2 scaffold for cell

seedingwill be the subject of next chapter

To allow the AW2 patrticles to easily fill the gaps in the negative PLA mould, large gaps of 950
um to 2400um were left between the PLilaments. Thus, the thickness of the negatiPeA

mould parts was chosen so that the AW2 scaffold gaps would be large enough for cell
attachment (300um to 800um in width). Also, the design of moulds should ensure the
continuity of movement of the printer head during printing is maintained. AngahiBnuity

iIn movement of printer head can cause unexpected results mainly at the start and end of PLA

parts, where it is disconnected.

The designs iRigure4-1 maintains continuity of printer head as best possibleFigure4-1,
negative moulds A and B are square shaped with a width of 1 cm agatime moulds C and

D are circular with diameter of 1 crilegative moulds A, B & C are 1 cm in height and negative
mould D is 3.5 mm in height. For negative moulds A and B, the thickness pildils/A800

um. For negative mould A, the distance betwd@A pileis 2400um with gap 140Qum on

each far sideFor negative mould B the distance between RlaAnentsis 1900um with same

gap 190Qum on each side. Negative mould C has PLA thickness of 300 um with gap 950 pm
between PLAile horizontally. Negative mould D is hexagonal with each edge of hexagon
being 288 um, resulting in maximum distance between sides to be 500 Tim. distance
between each hexagon with neighbouring hexagon is 500 um and all neighbouring hexagons

are interconnected by a PLA tube of 500 um in diameter

A
o
.

i B
0

»

Figure 4-2: 3D printed PLA wall to fit around the 3D printed moulds. A) AutoCAD rendered
wall design for square moulds. B) 3D printed wall ¢gtindrical moulds.

100



The wall counterpart for the moulds iRigure4-1 are shown inFigure4-2, with image A
showing theComputer Aided Desig&AD drawing for the square module, and the 3D printed
wall for cylindrical mouldThe mould inserts A and Bi§ure4-1) fits inside the square based
wall printed using PLA materias shown irFigure4-2 A. The mould ingés C and D fit the 3D
printed PLA with circular base as showrFigure4-2 B. The printer setting for Ultimaker 3,
resolution= 100um, print speed= 60 mm per sedbuild plate temperature= 6CCand nozzle

temperature= 200C, were optimal values for printing 3D moulds used in experiments here.

A number of different methods to incorporate AW2 into the negative spaces of the 3D printed
moulds was exploredthat include 1) different sized AW2 powder particles (<@, 20-53

pum, 5390 um) in dry form, 2) AW2 powder mixed with deionised water in a paste form, 3)
AW2 powder mixed with Ethanol in a paste form, and 4) AW2 slurry from the TIPS protocol
asdescribed inChapter 2, Section2.3.4 poured into the 3D moulds.To avoid the AW2
comporent from leaking out of the open spaces of the PLA structures, a number of different
approaches were investigatedsing aluminium foil as a wall around the structure, printing
an incorporated PLA wall, using 3D printed PLA wall that was attached ordtyubture post
printing, and placing the PLA structures in the glass moulds. Removal of the walls could be
performed at three different steps during scaffold manufacturing; 1) removing the wall after
the initial freezing step, 2) removing the wall befdreeze drying step, and 3) removing the

wall after freeze drying.

The AW2 PLA dioxane:wa(@0:10)slurry was prepared using the steps describethen TIPS
method in Chapter2, Section2.3.4 The wall was fitted around the scaffold to cover the

border of scaffold properlyln all cases the base was fixed to the wall usupesglue.

4.3.2 Two Step HeatinBrocesqSintering)

All 3D printed PLA incorporated AW2 scaffolds were placed on Pt foil on a refractory brick
inside the furnace, andwo-step heating process wasased on the protocol described in
Chapter2, Methods sectior2.6.

101



1400

1200
Then cooled

naturally overnigh
1000 aturally overnight

800

600

Temperature{C)

400

200

00:00 01:12 02:24 03:36 04:48 06:00 07:12

Time from Start of Heating (hours:minutes)

Figure 4-3: Plot showing temperatur€ C) against time(hours:minués)during the twastep
heating procesg&ooling not shown At 779C there is a dhour dwelling, and at 123% there
is also a thour dwelling.

As shown irFigure4-3, the furnace was heated from room temperature (approx’@pto
779°C, using a heating rate of 5°C per minute, with-looer dwelling time at 779°C, then
heated t01235°C at a rate of 1T perminute, dwelling time atl235°C for onehour. The
furnace was allowed to cool naturally overnight back to room temperature before removing

the scaffoldsas demonstrated ifigure4-3.

4.3.3 Scaffold modification prior to pegprocessing

After freezedryingthe same procedure reported in Secti@rb was followed the scaffolds
were stored at room temperature (approximately €X) until the sintering stag@t.3.2Two
Step HeatindrocesqSintering). Prior to sintering, the scaffolds were carefully hand cut (to
approximately 4 mm height) across the diameter using a doebiged metal razor blade.

This resulted in relatively flat@4 mm thick dsks of AV ¢ PLA scaffolds, ready for sintering.
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Figure 4-4. Porous AW2 scaffolds post sintering. A) Scaffolds cut to approximateinrd
height. B) Scaffolds from a top view.

Photos of sintered scaffolds are showrHigured-4, and were taken using a Samsung Galaxy
Note9 Smartphone. The images are of original AW2 scaffolds on Pt fosipteing. The

scaffolds show a slight conical frustum shape and are appetely 3¢ 4 mm in height.

4.3.4 Singular channel formation using Glass tube
Two different pathways were explored for removing material éyher removingit after

freezedrying step (before sintering) or after sintering.

Figure 4-5: Process of slurry addition to glass tube/channel in glass moulds. A) Glass tubes
are superglued to the middle of the glass moulds. B) slurry containing AW2 poured 8§%o0 gla
moulds.

The addition of channels (a halleat connects the top to the bottom of the scaffold) at set
diameters was investigated by using numerous techniques, such as; adding commercial glass
tubes(2 mm external diameter supplied by RVI Newcastle, NH$dik¢ middle of the glass
moulds and then pouring AW2 PLA dioxane:water slurry into the mould, allowing an overnight

freeze, then removing the glass tubes, as can be seEigure4-5.

103



4.3.5 Modified AW2 Scaffolds

Another technique was to make channels and grooves into the scaffolds at the fieeze

state (prior to sintering) or after sinteringihe channels allofor better circulation of media

from the top to bottom of the scaffold, and also improves the interconnectivity of pofés
grooves allow for easier media movement at the bottom of the scaffold, as media can
circulate along the channels and through treoves.To ensure the channels are in the same
position on each scaffold, a template with the channel positions was designed using AutoCAD,
and the 3D printer was used to make the template guidevo templates were designed to

help with generating groges and channels, one for adding the grooves and another one to
make the channels by drilling.he addition of grooves and channeisre carried out either

before sintering (after freezdry step) and aftesintering

The templates were made with rang ofdifferentinternal diameters(9 mm to 11 mm with

an interval of 0.5mm) to ensure each template will fit slightly varying range of diameters of
the sintered AW2 scaffoldsThe internal height of the templates was chosen to be 3 mm to
ensure the scaffld is stable on top of the protective maturing the drilling and groove

process. A sample template is showrFigure4-6 Ato C

A

, B C :
\”!“"—-—-E— s % = 1 'tl\’\’\m 5mm

/ «
3 mm( LY 4 9mm

1.1mm A

Figure 4-6. AutoCAD rendered desig A & B) are the templates used for the grooves. C)
Showsthe template used for drilling the channelsett distances. DiRendered representation

of an upsidedown scaffold with the grooves and channels. E) Represents the grooves and
channels on a scaffal

Set sized grooves in standard cross formation were added by usotgtang diamond saw

with size 0.9mm along the cut on templateAnother set of templates were made and used
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to guide thedrillingprocess.Five holes are considered in the templatae in the centre and
four in distance of 2.5 mm from the centre of template. Internal diameter of templates with
holeshas5 different internal diameters (9 mm to 11 mm) similar to the template for grooves.
Same diameter template with holes were ustd drill the holes within in the middle of

grooves.

Figured-6 A & B, a sample templater generating grooveis shownfrom two different angle

of views The width d the gap at the top of template is chosen to be 1.1 riifigured-6 A)

and height of the cut is set to be 3 mnthis design allowgiven the thickness at the top of
template is 2mm, grooves with degt of 1 mm and width of Inmto be made. Thisvas
carried outby putting the template on top of scaffold and cutting along the groove to make
a 1 mm deep groove depth in the AW2 scaffokigure4-6 D shows the schematic shape of
the expected scaffold after grooves and drilling is completed RBigaire4-6 E shows the
expected structure of added connectivity (channel and grooves) which represents the amount

of material removed from the original AW2 scaffolds.

The successful technique for drilling the channels sitered scaffolds waserformed bya
specially designed mould as showrFigure4-6. Manufacturing process for AW2 scaffolds

is described in detaih Chapter2.
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Figure 4-7: (A) Drill and standusedto perform drilling, (B)drill bit set withO.6mm drill bit
usedto drill channels into AW2 Scaffolds.
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The drill shown inFigure4-7, was purchased from Amazon.co.uk -Gfiec, 135W Muki
Purpose Rotary Combi tool Mutthol, model number DT30304), with a 0.6 mm steel drill bit
(21 piece drill bit set for jewellery, 031.6mm, Brand: Mudder, Amazon UK), on a stand
(Multifunction jewellers benchtop drill stand with manual control, eBay). This technique of

drilling channels possintering was promising for reproducibility and repeatability.

The mould enabled consistent lesl to improve interconnectivity and allow circulation of
media in the centre of scaffold as well as within the scaffold, and additional grooves were
made for ease of media movement of media from the channels to the bottom of the scaffold.
The sintered sd#olds had the channels drilledyith compressed air (Essential Electronics

Compressed Air 570Ted to remove any AW?2 particle debris.

This technique of drilling channels pesshtering was promising for reproducibility and
repeatability. To ensure thchannels are in the same position on each scaffold, a template
with the channel positions was made on AutoCAD and the 3D printer used to make the
template guide. The printer setting for Ultimake3, resolution= 100um, print speed= 60

mm per secbuild plate temperature= 638 , and nozzle temperature 200C.

4.3.6 Scaffold Characterisation Methods

4.3.6.1 Morphological Analysis

A scanning electron microscepSEM Hitachi TM3030) was usdéd evaluate the surface
morphology on the modified AW2 scaffolds on crascopic scaleThe scaffolds were placed
upsidedown (grooves facing upwards) on black carbon tape mounted on aluminium stubs

and placed into the TM3030 (Hitachi) SEM chamber. Five areas of view were analysed
specifically to include the modificationshannel (hole) and grooves. Images were captured

at 15kV and saved as TIF or JPG format. The images were analysed using ImageJ FIJI software
(fiji-java620170530 Released May 201(FIJI, 202)¥o measure the channel diameters and

groove widths.

4.3.6.2 Archimedes Paosity measurements
To evaluate the difference in porosity of AW2 before and after modification, density
determination using Archimedes analysis was carried out. Firstly, thigetwo-step heat

treatment process orAW?2 scaffoldgoutlined in ChapteB, Section2.6), these original AW2
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scaffolds underwent thgorosity measurerant protocol in Chapter2, Section2.9. The
scaffolds were then dried inZ0° oven overnight to remove any moisturéfter modification
(channels and grooves), the scaffolds dimensions were taken again, and the Archimedes
protocol was followed againThe scaffolds were dried in a 50ven overnight again and

stored for othertests.

4.3.6.3 Nutrient Diffusion

To evaluate the differences between original AW2 scaffolds and modified AW2 sca#olds.
set of original AW2 scaffolds underwent &NBDG glucose uptake test, using light sensitive
glucose solution consisting of- 2(N- (7-Nitrobenz2-oxa1,3-diazot4-yl) Amino) -2-
Deoxyglucose) (Fischer Scientific, UK) over time. This test was carried out with the original
AW?2 scaffolds, and then the same scaffolds after they had been modfiestly, afterthe
two-step heat treatmem process ofAW2 scaffolds, thes@riginal AW2scaffoldshere
underwent the protocol mentioned iM.3.6.1and then 4.3.6.2 prior to being modified
(channels and grooves)he scaffolds were then dried in a 50° oven overnight to remove any
moisture. After modification (channels and grooves), the scaffolds dimensions were taken
again, and thenutrient diffusionprotocol was followedas described in detaih the Chapter

2, Section2.10,

4.3.7 Mechanical Properties

To understand the mechanical properties of the haated scaffolds, compression tests
were undertaken using a Shimadzu Compression Tester (Shimadzu Corporation, 2014 model
AGS gAGK mnlb f2FR OStf0d® [/ 2YLINBaadddn ai NBy
the obtained stresstrain curves.The scaffold diameters were measured on both sides and
the height was measured using a digital callipghe average dimensions of the scaffolds
were calculated using the average height and diameter, as pusliexplained in Chapt@r
section2.11, using Equatio(L0). To start the stress test, made sure that the surface of load
cell is on top oflie scaffold and pressure is not negative, then started the experiméhis
process ensures consistency in measurement, however there may not be any change in
pattern (behaviour) of stress/strain graph. The parameters were a crosshead rate of 0.5 mm
min1, with a load cell up to 10 kN for modified AW2 scaffolds and the experiment was stopped

after the break of the scaffolds.
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4.4 Results

4.4.1 Enforcing interconnectivity during manufacturing process

To produce good quality repeatable printed partee print sdtings of the 3D printer were
modified for each of the design§Figure4-1) to optimize the printing resolution, nozzle
temperature and also its printing spee@he pinter setting for Ultimaker 3resolution= 100
Hm, print speed= 60 mm per seduild plate temperature= 6 , and nozzle temperature
200°C.

Figure 4-8: Stages of incorporating 3D printed hexagonal p&ig(re 4-1 D) into AW2 TIPS.

A) The 3D printed hexagonal pattern was placed at thitoboof the glassould, and then

AW?2 slurry poured on top. B) the bottom of fredded TIPS AW2 PLA green part with the
3D printed part incorporated. C) multiple sintered AW2 scaffolds that had the hexagonal 3D
printed part incorporated. D) magnifieanage of bottom of AW2 scaffold after sintering,
showing the pores caused by the 3D printed part.

Figure4-8 illustrates the multiple stages of incorporating the 3D printed hexagonal part
(Figure4-1 D) with the AV2 90:10 dioxane:water slurry from the TIPS protocol. In C) it can
be clearly seen that the 3D printed part caused deformations to the sintered AW2 scaffold
This could be due to the PLA part having lower melting temperature and therefore causing
movementof freezedried part and consequently collapse of the scaffold during sintering
process. In rare occasions, reasonable scaffolds were generate&igjues4-8 (D). A
magnified image of the 3D printed incorporated sectiminthe AW2 scaffold clearly shows
large pores of size 400m to 600um. However,the scaffold itself was mechanically brittle
and veryinconsistenf Figure4-8 (C) The scaffold could easily disintegrate durgemeral
handlingor by small pressure between fingers. The results of many experiments using this
particular technique showed that this process needdstantial refinement and more

investigation to make the manufactured scaffold consistent and repeatable.
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Figure 4-9: 3D printed PLA moulds (frorRigure 4-1 C). A) 3D printed PLA mould with foil
wall and 3D printed wall around it. B) 3D printed mould with AW2 slurry. C) 3D printed mould
which has AW2 mixed with deionised water. D) 3D printed mauld AW2 mixed with
ethanol E) & F) are after freeze drying anshow theviscosity of the AW2 slurry may have
had a negative effect and did not fill all the gap layers withe\PLAmoulds.

Sample 3D printowtof groupsof negativemoulds with AW2 pdicles are shown ifrigure4-9

A to FE Pouring the AVZ PLA dioxane:water slurry proved difficult as the sluvould not fill

all the space between the 3D PLA paetpecially where the gawas very small.Manual
shakingwas found to aid the spreading of the slurry, and was required for3lb@egative
PLA moulds with larger gapBEigure4-9 A shows a cylindrical 3D printed PLA design, with a
foil wall, surrounded by PLA printed wallanfple moulds with slurry after ethanol washes

areshown inFigure4-9 B. Therefore, any 3DegativePLA mould with a gap less than 1 mm

was not successfués shown irrigure4-9E & F

D1 h

N e 1
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Figure 4-10: 3D printed PLAnegative moulds, B D) shows negative mouigith AW2 slurry
prior to freezedrying. E) sample image of printed negative moulds and the walls.
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Figured4-10 shows 3D printed negative square moulds (CAD drawing shokigumne4-1, wall

in Figure4-2). 3D printed negative PLA square moulds with AW2 slurry after ethanol washes
in shovn in B to D. The moulds were covered with foil and masking tape as a wall to avoid
spillage of the slurry, as shownkigure4-10C1. Smaller sized mould was tridllas shown

in Figure4-10D1, but the AW?2 slurry only covered the top surface of mould, simil&igore

4-9E & F, therefore these were excluded from the set and were not sintered. Other scaffolds

were sintered but due to having small volume of AW2 particles and, in comparison, high PLA

volume, thee was very little AW2 left on the Pt foil as showrFigure4-11.

Figure 4-11. Sample Pt foil aftetwo-step heat treatment with AW2 slurry in 3D printed
negative PLA moulds. AW2 has collapsed and there is no structure available for further
analysis.

Figure4-11 (A¢ D) shows sample images of Pt foil with PLA negative moligsré4-9 and
Figure4-10) with AW?2 slurry after heat treatment. It can be clearly seen that there has been

a collapse of the material, and the AW2 particles were not stable to for&D structure
(scaffold) of any sort. Therefore, using the negative moulds methods were considered as
unsuccessful. Some AW?2 fragments can be seen on the Pt foil (especially shown in B) but
these techniques involving negative moulds did not produceffelcess and were not

repeatable in terms of sintering to form a scaffold.
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Figure 4-12: Resultsof slurry addition to glass tube/channel in glass moukgsafter initial
freeze, prior to ethanl washes, some deformities can be seen on suffiadieated by red
arrow). B) After multiple ethanol washes, the glass tube was carefully removed, but cause
considerable damage on thettomleft (indicated by red arrow).

Adding connectivity using conercial glass tubes and pouring slurry was tested with sample
results shown irFigure4-12. However, the process looked promising initially, removireg
inner glass tub@roved to be very difficult and damaging, as can be se&igare4-12B. he
inner glass tubevas very much integrated with thieozen AW2 mixturend caused damage

to the scaffold. erefore, this technique was not deemed successful.

4.4.2 Additional processing gtaffolds

The next technique explored was drilling the channels into sinté&R scaffolds, at this
stage the scaffolds are poroumndmechanically stable as they consist of only AW2 material.
The drilling was guided by a specially desigtesdplate, asdetailed inSection4.3.5 The
template successfullgnabled consistent drilling to be carried out and additional grodees
be made for ease of media movement frothe channels to the bottom of the scaffolds
shown inFigure4-13 taken using Samsung Galaxy Note 9 phone camefid)e sintered
scaffolds had the channels drillessing a guided template. High pressure gas was used to
remove any AW2 particle debrfermed duringto drilling. The scaffolds channels were

analysed using SEM to measure the diameter and the structure of channels and grooves.

111



Figure 4-13. Sample photo of A) sintered AW2 scaffold after grooves addition. B) sample
modified AW2 scaffold with grooves and channels.

Initially grooves in a cross shape was made at the bottom surfaceadfiosd (as shown in
Figure4-13). Then two designs were investigated; first design added vertical channels (top of
scaffold to bottom) and the second design added bhontal channels (on the side of the
scaffold) to the first design which would already have vertical chanfdle.second method
proved to be too complicated for these AW2 scaffolds, and were not repeatable, therefore

this technique was not explored furthe

The generaltechnique of drilling channels posintering was promising for reproducibility
and repeatability. Templates are used to ensure that the channels are in the same position
on each scaffold, a template with the channel positions was dedigsang AutoCAD, and the

3D printer was used to make the template guidehis first design method was applied on 10
samples with successful resultBiqure4-13 B) and mechanical test showed reasonable
capabilities. Thus, this manufacturing method was considered as successful and repeatable,

and was used for cell growth.

The same stepas the firstmethod (channels from top to bottom surface and grooves on
bottom surfacewere performed on scaffolds at the freezleied state (prior to sintering), but
due to the PLA content in the scaffold at this stage the scaffolds are veryGuftives were

not added as this disintegrated the scaffolds every time, therefore it was not explored further

with freezedried scaffolds.
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Figure 4-14: AW2 scaffolds that were modified (channels) after frelygmg. A) Scaffold is
damaged due to soft nature of freelrteed state. B) the damagestaffold from (A) post
sintering.C) Channels were added to the freelzied Scaffolds, but some channels aow
blocked post sinteringscale bars are a ruler.

The channels were drilled into the freedeed scaffolds, but due to the polymeric nature of
these scaffolds there was additional 2WLA material detaching from the freezkied
scaffold, and in somcases due to softness and pressure from drill, the materials became
denser around the holes causing the connective pores to become blocked with the AW2 PLA
material and inevitably reducing porosjtifigure4-14 C. This detachment of material and
compressed material inside the channels resulted in a-me@moducible techniqueFigure
4-14 A & B Larger drilbits, up to 1000pm in diameter had the samensuccessfutesults

with the freezedried scaffolds, as after sintering the channels became blockésb, upon
sintering of the drilled freezdried scaffolds, the channels sinterad a noruniform way,

Figure4-14, which again was not reproducible.

4.4.3 MorphologyAnalysis

In the modified AW?2 scaffolds the channels were analysed morphologically and the diameters
were measured using SEM as described in sedti86.1 Figure4-15to Figure4-17, show a
sample of channels and grooves on AW2 scaffolds. The averageel diameter was 1mm
+100um. The channels in the grooves (average wilthm £50 um) on the bottom of the
scaffold andlarger AW2 particles can be seenRigure4-15 and Figure4-16. Figure4-17

shows the channels on the top surface of the scaffolds, where clear necking between particles

is visible.
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Figure 4-15. Modified AW2 scaffolds showing the grooves and channels (on underside of
scaffold). Scale bars represent 2 mm.

Figure4-15 shows the bottom side of the modified AW2 scaffolds with channels and grooves
added postsintering. The channels are relatively unifonmshape and distance to each

other. The channels aimarily within the groove walls.

Figure 4-16. Sample SEM image of multiple modified AW2 scaffolds, scale bars represent 2
mm. Grooves and channels can be seen oditfezent scaffolds.

Figure4-16 shows the bottom side of multiple modified AW2 scaffoldih the grooves and
channelsclearly visible The channels arelatively circular and uniform in sizand te
grooves also appear to be uniform in width and depithere are small diversions in shape of
grooves and channels which are due to the crystalline nature of AW2 scaffolds and naturally

uneven surface of séfalds.
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Figure4-17: Sample SEM image of modified scaffolds, channels present on top side of scaffold.
Scale bar represents 2 mm on A, on B & C scale is 1 mm.

Figure4-17 shows modified AW2 scaffolds on the top side of the scaffold, the channels
showinguniformity. The channels are circular in shape and the porosity of the AW2 scaffolds
evident. The surface here shows more necking between particles at the top surface of the

scaffold.

The results from the SEM analysis show uniform channels across scaffolds and uniform groove
shapes and widths as well. The modification process was successa@atable, this method
and result was utilized in the next chapter, and referred to as modified AW2 scaffolds, as the

contain grooves and channels.

4.4.4 Porosity analysis

Porosity of scaffolds were evaluated using a density kit, based on Archimedes principal
described in sectiod.3.6.2 Figure4-18 shows thetotal porosity (%) of tk original AW2
scaffolds side by sideith its modified AV2 counterpart. The scaffolds are labelled 1 to 4,

for this porosity analysis four original AW2 scaffolds were tested first, and then they
underwent modification, and were tested agaitt is clea that modified AW2 scaffolds have
more open porosity than the original scaffolds. The modified AW2 scaffolds have a

significantlyhigher total porosity.
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Figure 4-18: Total porosity (%) within AW2caffolds. Blue is original AW2 scaffold, orange
is that same scaffold but modified with channels and ggdve3.

Figure4-18 shows the original AW2 scaffold (blue) for total porosity (%) and then after
modification with grooves and channels, it is shown in orange. The total porosity for all the
scaffolds is betweery5% and 88%. The total porosity significantly increased across all

modified scaffolds compared to their original AW2 counterpart.
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Figure 4-19: Close porosity (%) within both types of AW2 scaffolds. eBsuoriginal AW2
scaffold, and orange bars are the same scaffold but modified with channels and greBies

Figured4-19is a graph indicating the closed porosity) (@.nd in the AW2 scaffolds (blue) and
its modified AW2 scaffold (orange). The modified AW2 scaffolds show less percentage of
closed pores, compared to the original AW2 scaffolds. This indicates that the addition of the

channels and grooves results @s$ closed pores in scaffolds.
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Figure 4-20: Open porosity (%) within the AW2 scaffolds (hlend their modified

counterparts (orange)Overall, the open porosity increases when the scaffolds have been
modified N=3.

Figure4-20 shows the open porosity within the AW2 scaffolds (blue) and their modified
counterparts (orange). The open porosity of the original AW#alds lies around 412 %,

and when modified the open porosity increases to 49 £2 %, this is almost a 20% increase in
open porosity from the original value. This increase in open porosity might have an effect on
the cells during then-vitro tests. Thiswill be investigated in the next chaptéChapters).

The modified scaffold has a significant increase in the open porosity, potentially indicating
that some of the previously closed pores are now open due to the modifications (channels
and gooves). Comparingigure4-19 and Figure4-20, before and after post processinig,
shows that the percentage of closed porosities are reduced, while the percentage of open
porosities increase post modification, this can be interpreted that some of the closed pores

are now open due to the modifications.

The results show that the mdfitation on the original AW2 scaffolds resulted in an increase
in over porosity (total porosity) and an increase in open porosity. This also consequently

resulted in a decrease in closed porosity.
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4.45 Nutrient Diffusion

The calibration curv@-igure4-21) was used to determine the percentage of glucose released

from the original AW2 scaffolds and the modified AW2 scaffolldse curve is considered as

a linear trendlingR = 0.987) with the equation(y = 7.37 x) used for the data analysis of the

modified scaffolds. The values for glucose concentration above 25% have been omitted as

they were not relevant to this study.
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Figure 4-21: Calibration cuve of 2NBDG at different glucose concentrations for modified

scaffold. Rvalue is 0.987 with y=7.37xError bars are standard deviationsl=3.

Figure4-22 shows that the highest glucose released is from the modified AW2 scaffolds

whichis due to the postprocessing modification®@neWay ANOVA witfukey a

Ydzt (A LI !

comparison test was carried out on the data presenteéfigure4-22. The test showed that

no statistical difference between the scaffolds exists; statistical significance was determined

O LI f nonpo
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Figure 4-22: The glucose released after-Bdurs in PBS. The original (blue) and modified
(orange) scaffolds were kept innbdg solution for the duration (hours) and the Glucose
released from these scaffolds aftertiurs in PBS are shown as a percentage (%54,
error bars represent standard deviations.

Figure4-22 graph shows the glucosmncentrationreleased from scaffolds after 2dburs in
PBS. The origin®dW2 scaffolds were tested first, and then they were peptocessed
(modified AW2 scaffolds), and the test repeated again. The duration-itb@g solution is
shown in hours, in relation to the glucose released aftethddrs in PBS. The modified
scaffoldshad releasedalmost the sameamount of Glucosecross all durations, between
5.45% and 5.77%, therefore there are no significant differences. The original schHutds
an increase in glucose released betwee#ndur (4.85%) and-ours (6.35%) or-Bours

(6.5%), buthere is no significant difference due to the standard deviations.

4.4.6 Mechanical Analysis
A sample stress against strain graph from modified AW2 scaffolds is shdviguire4-23.
The stress starts to decreas¢ multiple points, but has a general increase uté MPa

stress, when it then has a sharp decrease.
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Figure 4-23. A stress strain graph of a modified AW2 scaffol@he Youngs modulus was
calculated at the gradient of the linear region, as shown in red.
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demonstratedin Figure4-23. The figureshows that the modified AW2 scaffolds generally
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3 ¢ Scaffold Manufacturing Resultsection3.7).

4.5 Discussions

In this chapter multiple methods were explored to enhance the interconnectivity of the
original AW2 scaffoldsianufactured in previou€hapter2, Methods section2.3, made via

the Thermally Induced Phase Separation (TIPS) method with 90:10 dioxane:water with 20
53um AW?2 particle sizesA series of methods, development amdprovement eventually
resulted in the successful modified AW2 scaffolds methods, which included drilled channels
and grooves. Initially multiple other methods were trialled including various designs and
manufacturing negative PLA mould using 3D prinfiére void spaces in the negative moulds

were increased in size during the method development, and AW2 trialled as a paste with
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water and Ethanol, and AW2 TIPS slurry as well. Eventually AW2 slurry was the best method
with the large negative moulds, as ttsturry penetrated all the way through the negative
mould, as shown ifigure4-10B & C. These AW2 slurry filled moulds underveetwo-step

heat treatment (sinteringprocess) and were unsuccessful, as showhigure4-11. Clearly

the material has collapsed and the AW2 that remained was not sufficient to have a 3D shape
with the large interconnectivity that was designed originally. Although the results of the
manufacturing process were not satisfactory using any negative moulds, the initial idea was
valid, and further research is needed to acquire stable scaffolds. Further rassaoclid
include using less 3D printed PLA, with larger voids (to ensure more AW2 penetration and
material), which would in turn may give better stability to sintered scaffold. This development
process was beneficial in the design development of scaffolddsnducing interconnectivity.

The modified AW2 scaffolds (sintered AW2 scaffolds that had undergone groove additions

and channel additions) were successful, and a repeatable process.

AW2 scaffolds were analysed using multiple different charactedmatechniques, the
original AW2 scaffolds were characterisednsiderablybefore being modified and then
characterised again in their modified state. The specific original scaffolds were madified
allow theresultsto be directlycomparable Thisvas to ensure continuity and understanding

of how the channels and grooves modifications affect the interconnectivity within the
scaffolds. Understandably the same scaffolds could not be used for the mechanical tests, as
this is a destructive techniquehérefore the scaffolds were used in their modified fofon

this test Non-destructive characterization methods were used to allow for comparison

between the original and modified scaffolds.

Across multiple modified AW2 scaffolds, the channels diametere consistenthowever

due to crystalline nature of the AW scaffoldsslaght diameter differencevas evident. This
could also be due tdhe particle size of the AW2 used in the original TIPS manufacturing
process.The AW2 patrticle sized used to mdacture was 2@ 53 um, therefore if 1 particle
from eachside of the drill bit was caught and drilled off, that can cause a larger opening
around116um. Also, during the drilling process there is the possibility of human error which
occurs with user eperience and practice. THe K |y WirBlifigdp@cess was practiced first
on a sample of 3 scaffolds first, to ensure that repeatability could be obtaifedvas

discovered that 5 channelwere a compromise between interconnectivity improvement
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without compromising on the mechanical integrity of the scaffold. In the future, higher
number of channels (e.g. 9) using a smaller drill bit (e.g. | #28D could be used, and an

automated drilling process initiated.

The bottom surface of the scaffoldgasrougher and more granulathan the smoother top
surface of the scaffokl Therefore, on the top surface, the channels are more uniform and
circular in shape, but on the bottom surface the channel diameters have slightly more
variability and not always circulaais shown irfrigure4-16 B. The uniformity of the channels
indicates a reproducible proces3hisslightvariationin channel shape also corresponds to
the crystallne composition of the AW2 material itself and the large particle sizes,used

therefore, was expected.

In the density analysis the total porosif¢€heng et al., 2019hcreased from original AW2
scafoldscomparedto the modified AW2 scaffold&igure4-18. The modification resulted in
more open porosityLawrence and Jiang, 2017, Cheng et al., 2@&3hown with the density
experiments. The increase in open porosity from the AW2 scaffolds to the modified scaffolds
is evdent inFigure4-20. Increase in open porosity, suggests an increase in interconnectivity.
Arguably interconnectivity is more important than pore s{eeitmacher, 2001)and the size

of the interconnections should be of a large size, which is important regarding cell migration
and proliferation(Hutmacher, 2001, LeGeros, 2002)hemodified AW2scaffolds therefore
couldincrease thediffusion and exchange of nutrientsshich could be beneficial to cell

proliferationand tissue engineering applicatians

Figure4-22 indicates that the there is no significant difference in the release of glucose into
PBS with relation to duration in2bdg, the durations tested with-2bdg were %hour, 4
hours,and 8hours. In the previous chapter, the scaffolds were tested up to 24 hours with 2
nbdg, but results showed that there was no significant different between 6 hours and 24
hours, therefore in these tests only up to 8 hours was testddis test is importanin
deteminingthe optimal durations for the scaffolds to be in media (scaffold preparation step)
prior to cell seeding.This test showed that-hour is ideal for presoaking the scaffolds in
mediaprior to seedingbeingcarried outalthough, X4 hours is prefed due to potential
variations (e.g., room temperature etc.Although, soaking fojust 1-hour would also be
beneficial for the scaffolds and ultimately the cell$herefore, al-hour soaking time of
scaffolds prior to cell seeding was determined antl @ utilised in then-vitro tests.
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The channel diameters are around 1 mm +50 um, it has been shown in literature that pore
diameters over 300 um are considered ideal for tissue grq®tse et al., 2003, Karageorgiou
and Kaplan, 200%Jurphy et al., 2010, Cheng et al., 2018)th pore diameters over 100 um

are considered necessary for cell attachment. In theory these additional channels should
allow for tissue growth and aid in the media flow throughout the scafi@dpanol et al.,
2009) The increase in media flow will also aid imtrrent diffusion across the scaffold

(Hollister, 2005, Gentile et al., 2012, Lawrence and Jiang, 2017)

4.6 Summary and Conclusions

Two groups of techniques were examined for interconnectivity improvemehe first group,
enforcing connectivity during manufacturing using PLA scaffolds as negative mould, did not
produce a stable outcome. The second group improved interconnectivagtiyng channels

and grooves to the scaffold as a postprocessing stéepostprocessed modifications on the
original AW2 scaffolds resulted in better open porosity (interconnectivity) and total porosity.
The interconnectivity parameters were charadsed by density measurement, nutrient
diffusion, SEM imaging, and mechanical tests. These tests helped determine the porosity
differences between original scaffolds and modified scaffofdge channels and cross shaped
groove was added to the scaffolttsencourage interconnectivity and porosity. The modified
scaffolds had more open porosity and five larger pores than the original scaffdlds.
biological benefits of the modifications and the original AW2 scaffolds will be investigated in

the next chater byin-vitro tests.
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Chapter & In-Vitro tests with Porous Scaffolds

5 Invitrotests withSaffolds

5.1.1 Aims and Objectives

The overall aim of this chapter was to evaluate the possibility of using 90:10 TIPS AW2 3D
porous scaffolds (as described@mapter 2¢ Materials and Methodyfor tissie engineering
applications. The AW2 scaffolds (original and modified) were evaluated unegtro

conditions for 21 days.
To achieve this aim, the following objectives were identified:

1) To identify which cell type to use on the scaffolds;

2) To prepare tle scaffolds for cell seeding;

3) To evaluate a suitable cell seeding density on the scaffolds;
4) To morphologically evaluate the cell seeded scaffolds;

5) Tomorphologicallyjcompare original scaffolds witihhe modified scaffolds.

5.2 Introduction

5.2.1 Cell Selection

Sudies relating to osteoblast cell culture on porous scaffolds have mainly focused on
comparing the suitability of different scaffolds against each other, evaluating the effect of
different culture mediasand culture conditionsThese three factors in addition to the initial
number of cells seeded have been found to have a profound effect on cell proliferation and

extracellular formation on scaffolds.

The effect of different cell lines was investigated(Byevenson et al., 201,6)vhere they used

two different human osteoblast cdiihes on porous titaniursurfaced scaffolds, surprisingly

the commonly used MG63 human osteosarcoma cell line was found to behave differently to
the scaffolds compared with primary human osteoblast cells (Cell Application5a0&ells

were seeded omylindricalscaffold§12 mm diameter and 9 mm depth) at 2.5 £t@lls per

cn?. At 24h the MG63 cells had an increase of 200% to 500% of metabolic activity (compared
to the control) dependent on scaffold type. MG63 cells are tumour cells and therefere a

expected to have fast doubling proliferation ratds. contrast human osteoblast cells (had a
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decrease of 40% to 80% in metabolic activiletabolic activity was used as a representative

of cell numbers. From 24 hours to 96 hours, MG63 cells hadsaaciated decrease in
metabolic activity on all of the different scaffoldBrimary human osteoblast cells showed an
increase in metabolic activity on all but one of the scaffolds between 24h and 96 hours
(Stevenson et al., 2016)n conclusion, it was found that primary human osteoblast cells elicit
greder differences particularly in terms of cell survival/mortality as compared with MG63

osteoblastlike cell lines.

(Varley et al., 2017used foetathuman osteoblast cells (Cell Applications, 48) at a
density of 6.5 x1bcells per cri on 99% porous cylindrical collaggtycosaminoglycan
scaffolds (5 mm diameter, 4 mm depth) across different dynameiebctor conditions (using

a 50 ml Falcon), which were compared to static conditions. It was found that 10 rpm and an
85% chamber fill was the optimum condition for cell proliferation on the scaffolds. The
rotation of fluid improved mass transport intells/scaffolds and consequently increased cell

proliferation (Varley et al., 2017)

(Junkar et al., 201@&xamined primary human osteoblast cells (Cell Applications0&0at a
seeding density of 1.0 xi@ells per crion different TiQ nanotube surface conditionf®r
biomedical devicesOsteoblasts were used specifically as they are relevamfatro models

with the aim of studying biological compatibility of materials with the intention for bone
implants(Junkar et al., 2016)It was found that after 7 days in culture, the cells had viability
(MTT assay) of between 0.8 and 1.5 times compared to the control sample (plain Ti foil)
(Junkar et al., 2016)From this study it was concluded that different surface properties can

greatly affect the cytocompatibilityn-vitro.

(Jonesetal.,200fgda SR KdzYly 2adGdS2o6fladQa Aaz2tlidSR FNR
used8.0 x10d cells onto the scaffold surface (92% porosity, 10 x 10 x 5 mm bioactive glass
70S30C scaffold) with different cell culture medias (supplementationBe controls used

here were Thermanox (TMX) discs, although it is more common to use tissue culture plastic

or glass coverslips as a control. It was found that the use of these scaffolds supported
osteoblast differentiation within the 2tlay culture perid, without the addition of

supplementgJones et al., 2007)
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This chapter focuses on evaluating the suitability of the developed scaffolds for cell
attachment and infiltration into the scaffoldTo this end, different steps for experiments
were designed and tested on small sample siZetgtudy). Based on the initial experiment,
the process was optimized for the main experiment which was performed on a large number
of scaffoldsfor long term duration(21 days)with the original AW2 scaffold design and also
the modified AW2 scaffoldS his chapter presents the design methodology (seci@hwith
materials used and essential preparation steps and considerations required before cell
seeding. Tlsisection also covers various evaluation techniques including cell viability assays
and morphological characterization (sectiérB.7) and methods employed to compatke
results against each other. The result is presented in se&igncovering the pilostudy
whichwas used to estimate the optimum cell seeding density fe ain experiment. It
follows the results of experiments on AW2 scaffolds and modified postprocessed AW2
scaffolds. It also compares the number of viablesse#asured using Prestlue assay and
Live/Dead analysis, mechanical strength of scaffold=r all culture.In the investigations

for the AW?2 scaffolds, originally primary Adult human osteoblasts (Cell ApplicationSA405
were planned to be used, due to great difficulty in obtaining the cells, primary fbetalan
osteoblast cells were use@€ll Applications, 4085F). Section5.5focuses on evaluating the
results and performing comparative evaluation of the suitability of AW2 scaffold before and

after postprocessing.

5.3 Materials and Methods

5.3.1 Materials

Unless otherwise mentioned, any water used was high quality deionised \irater the

Purite 300 water purification system (Purite, UKDQuring cell cultureHuman Osteoblast

Growth Medium (417500, CelApplications incyvas used Human Osteoblast Differentiating

media (consigd of Human Osteoblast Growth media + 7.5 niMGlycerophosphate

disodium salt hydrate (molecular weight 216.04 g/mol, Sigma Aldrich) + 200 nM
Hydrocortisone (moleculaveight 362.46 g/mol, Sigma Aldrichlror diluting supplements,

Ethanol 200 proof purity, (Sigma Aldrierd $erile Filtered Water (molecular weight 18.02,

Sigma Aldrichjvere used 5 dzf 6 SO02Qa t K2aLXKI S . dzZFFSNBR { I f
chloride and magnesium chloride, Sigma Aldrich) referred as PBS unless stated otherwise.

Dimethyl sulfoxide (molecular weight 78.13 g/mol, Sigma Aldrich) referred to as DMSO.
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Foetal Bovine Serum (FBS, Thermo Fisher Scienfpgtite-Wollastonite 2 scaffoldéAW2
scaffolds) made according to secti@rB.4 with 90:10 Dioxane:Water were used for the
vitro tests, for ease of reading these scaffolds will be referred t&\A& scaffolds in this
chapter. The AW2 scaffolds with peshtering modifications will be referred to as modified

AW?2 scaffolds to ease reading.

5.3.2 Scaffold Sterilisation

Sterilisation of AW2 scaffolds and modified AW2 scaffolds was required prior seeding.

Hold scaffold using plastic tweezers and used pressurised gas (compressed air supply in lab)
to remove any debris from each scaffold. In a Tissue Culture hood, each individual AW2
scaffold was put into a well of a sterile 24well plate. To ach well add 1.5 ml of 100%
Ethanol on each scaffold, then placed on an Orbital Shaker machine at 80 rpm for 10 mins,
this is to ensure there were no loose debris in the scaffolds. Tweezer were used to carefully
put each scaffold in a new well, added tbof fresh 100% Ethanol to each well, placed plates
under UV light lamp (UVP, UVLBSEL series 3UV Lamp)atvelength254 nmfor 30mins

in Tissue Culture hood, used tweezer to turn scaffolds upside down in ethanol, UV lamp was
again for 30 mins. Usexbpirator to aspirate ethanol from each well and scaffold. Wash each
well twice with 1.5 ml PBS and aspirator, for the final wash place scaffolds with PBS under UV
lamp for 30 mins. Aspirate PBS from wells and placed plates with lids off under U\btamp f
1chour in Tissue Culture hood to allow for AW2 scaffolds to dry. Use parafilm around the
plates to aid sterility until autoclave stage. Scaffolds were placed in an empty tip box and

I dzi2 Of SR 2y | a3t aa OF€ Of 28ndins, Agdl Classic AMB Of S
430 Autoclave), once cycle was finished the scaffolds were put irgeeé¥plates in a Tissue

Culture hood, under UV light for 2030 mins prior to precell treatment.

5.3.2.1 Precell treatment of Scaffolds

After the UV light treatmnt, to pretreat the scaffolds 1 ml of osteoblast growth media was
added to each well for 5 mins in Tissue Culture hodbde media was aspirated, and then 1
ml of osteoblast growth media was added to each well again, place plates in incubaté€at 37

for 1-hour. The AW2 scaffolds were considered as suitable for cell seeding.

5.3.3 Glass Coverslip Sterilisation
To sterilise the glass cover slips (which were used as a positive control), 13 mm diameter
coverslips (VWR, thickness ndbyosilicate glassyereused. Empty 1000I tip boxes were
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used as a flat surface, an excess of cover slipsin a single layer were spread across two of these
tip boxes in a Tissue Culture hood. Initially, the glass cover slips were washed in 70% Ethanol
The tip boxes were placed under the ultraviolet light in the tissue culture hood for 30 mins to
ensure they were dry, the coverslips turned over and placed under UV light for a further 30
mins. These sterile coverslips were placed into the appropnatdis of 2&well plates. Prior

to cell seeding, the coverslips were washed with 1 ml of osteoblast mediafoudin a 37C

incubator.

5.3.4 Cell Culture; Foetal Human Osteoblasts

The adherent primary cells used in this study were foetal Human Ostedédist(HOb, 405
O5F) obtained cryopreserved at passage 2, manufactured by Cell Applicaticngipiced by
Sigma Aldrich.The cells were expanded multiple times and placed in an incubator (with a

humidified atmosphere of 5% G@t 37°C) and used at paage 7 for seeding onto scaffolds.

5.3.4.1 Cell thawing and Cryopreservation

The cryopreserved osteoblasts were defrosted by suspending the cryogenic tube i@ a 37
water bath until roughly 70% thawed. In a 15 ml falcon, 10 ml of room temperature
osteoblast growh media was added. A 10@Dtip and micropipette was used to transfer the
thawed osteoblast cells into the falcon with growth media, invert falcon gently twice to
ensure homogeneous mixing of cells and media, then centrifuge (Centrifuge &702
eppendor) at 200 g for 5 mins at room temperatur@spirate the supernatant and resuspend
the cell pellet in 10 ml osteoblast growth media. The cells were counted (as described in

5.3.4.2 prior to seeding in a 25 citissue culture treated flask.

To cryopreserve the osteoblast cells after expansion in 175flasks, cells were used at
roughly 70% confluency. The adherent osteoblast cells were washed with room temperature
PBS for 30 seconds and the PBS aspirated. Fridge temperatGjeT@@psin was used at a
rate of 0.5 ml per 25 ciand flaslobserved at room temperature under the light microscope

for roughly 70 % of the cells to detach from the flask (roughly 2 oir&s). In the tissue
culture hood, osteoblast growth media was added to the flask at twice the volume of trypsin
used. An appropriately sized stripette was used to transfer the trypsin cell media solution to
a falcon tube, 5 ml of fresh growth media was the flask to detach and transfer any
remaining cells and place into falcon tube. The falcon was centrifuged at 200 g for 5 mins.
The supernatant was aspirated, and cell pellet resuspend in 5 ml of freezing solution (90 %
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FBS + 10% DMSO), the cellsenmunted, and freezing solution added to equate roughly 1.0
x1C cells per 1 ml of solution. Place 1 ml of cell solution into each 1.8 ml internally threaded
cryogenic vial (Corning), each vial placed into aghd& Nalgene Mr Frosty freezing
container(Sigma Aldrich). The freezing container was stored-80& freezer for 48hours,

then the vials transferred to liquid nitrogen storag&96°C).

5.3.4.2 Cell Counting

To count viable cells, a Typan Blue Exclusion test was used after cell defrosting arediaxp

cell cryopreservation and cell seeding onto scaffolds/plates/coverslips. Trypan blue dye
(Trypan Blue Solution 0.4%, ThermoFisher Scientific) was used as it stainaliertells dark

blue (visible under light microscopy), but viable cells dbtake up this impermeable dye.

To count cells, an aliquot of 20 of media containing cells was mixed with |20of trypan
blue in a 0.2 ml tube. The number of unstained cells were counted using a 0.1 mm depth
Neubauer chamber haemocytometer (Hawkle&)K) viewed under a light microscope with a

phase contrast filter.

5.3.5 Cell SeedingDensity Assessment

A preliminary experimentasrequired to determine celseeding density of the foetal human
osteoblast cells To determine which cell seeding density use in the main experiments
(section5.3.7), two cell densities were trialled: 2.5 ¥l¢ells and 5.0 x®&ells. The cells were
seeded as a 25Q1 drop onto AW2 s&ffolds and tissue culture plastic in @4ell plates
incubated for thour, then additional media added to obtain 1 ml total media volume. The

scaffolds were kept in the same wellgoughout the duration of the experiment (14 days).

5.3.5.1 Pilot Study Method

The AW2 scaffolds were sterilised as described in se&ti®2and prepared for seeding as
described in sectio.3.2.1 Only osteoblast growth media was used throughout the whole
duration of the experimentPresto Blue cell viability assay was carried out on days 1, 3, 5, 7,
10, and 14 as described ;3.8 After 14 days, the following tests were carried out on the
scaffolds: Alizarin Red (sectiér.10.9, Actin DAPI stain (sectidn3.11), and SEM imaging
(section5.3.10.2.
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5.3.6 Main Experiment
Following the preliminary experiment, the results were used to determine the methods for
the main experiment.The main experiment is described in this sectidkll scaffolds and

controls were in triplicate anthen repeated 2 weeks later, unless otherwise stated.

5.3.7 Optimized Cell Seeding onto Scaffolds
To obtain accurate number of cells seeded onto the scastotdyand to allow for optimised

imaging the methods were altered for #tssemain experimens.

After the precell treatment of the AWZXcaffolds as previously described518.2.] the
osteoblast growth media was aspirated from each well using a vacuum aspirator. On top of
each scaffold, 2.0 x¥@oetal osteoblast cells in 2Q@ of media was gently added, as shown

in Figureb-1.

ESlESl—1—

Scaffold in well. Scaffold with cells Add media into Scaffold transferred
Cells and media and media. well. Incubate to new plate with
added ontop. Incubate 1 hour. overnight. fresh media.

Figure 5-1: lllustration of cell seeding technique with RW&caffolds ina well of a24i well
plate.

The plates were placed in a®incubator (Thermo Scientific, MIDI 40,@@ubator) for I,

hour for cells to attach. After¢hour in the incubator, 80Qll of osteoblast growth media was
added to each well, then placed into & incubator$% C®@overnight). The following day
(Day 1), using sterile metal tweezers the cell seeded scaffolds were carefully placed into a
new 24 well plate with 1 mlof fresh media. The wells were refreshed with media every
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second day with growth media, unlesated otherwise. To induce extracellular matrix
formation of the osteoblast cells, on day 9 the media was changed to the differentiating

media, and this was refreshed regularly until day 21 (final day of experiment).

5.3.8 CelMability andGrowth

PrestoBlue Cell Viability Reagent (ThermoFisher Scientific) was used for obtaining cell viability
and monitoring the growth of cellslt is a resazuripased solution (resazurin is ndoxic)

that is reduced to resorufin by viable living cells. This ctidua is detected by a visible colour
change (dark blue to red/pink colour) and is fluorescent detected by a microplate reader
(BMG Labtech, FLUOstar Omggasing fluorescence (excitation/emission 544/590).
PrestoBlue has a recommended incubation time be#w 10 mins and&hours depending on

0KS ydzYoSNJ 2F OStfa yR (KS alvyYLit$S GeLlSzI |y
detect as few as Qells in a well. Calibration curves are required to help quantify the
fluorescence readings from the micropdareader, and to determine the best incubation time

due to the cell type used. Cell viability media consists of DMEM (no glucose, no glutamine,
no phenol red, ThermoFisher Scientific), 1% GlutaMAX, 1% Penicillin Streptomycin (Sigma
Aldrich) and 10% FB®serted four times to ensure homogeneous distributio@ell viability

media was brought to room temperature prior to use.

5.3.8.1 PrestoBlue Calibration Curve

It is necessary to produce a calibration curve for every new batch/lot of PrestoBlue used and
for ead specific cell type. In this case, Foetal Human Osteoblast Cells were used at passage
7, then seeded onto 24vell plate at varying cell concentrations from 1 Xt@lls up to 3.5

x10* cells, using the cell counting protocol in sect®B.4.2 for an overnight incubation. An
excess of cell viability media was prepared, and in a separate falcon prepare PrestoBlue mix
consisting of, 10% PrestoBlue Cell Viability Beagnd 90% cell viability media. Media was
aspirated from each well, add 1 ml of PrestoBlue mix to each well including a background well
and incubate. At set time points 1Q0 of the PrestoBlue mix from each well was put into a
well of a 9gwell plate,the plates were read on the microplate reader (FLUOstar Omega
Microplate reader, BMG Labtech, Germany) and the gain equated at each time ddiat.

time points were 30 mins, 1 h, 1.5h, 2 h, 2.5 h, 3 h and 4 hours. The timepoints and calibration

curvesused here are for 2D cultures.
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5.3.8.2 Presto Blue Method on Cell Seeded Scaffolds

Cell viability was carried out at set time points, on days 1, 3, 5, 7, 9, 14, and 2ltissue
culture hood with the lights off, an excess of cell viability media was prepared. In an
appropriate falcon, 10% PrestoBlue Cell Viability Reagent and 90% cell viability media was
prepared, then inverted four times and covered with foil. Med&s aspirated from all wells
carefully, then 1 ml of PrestoBlue mix was added to each well and the cell plate was placed in
a 37C incubator. After the set timehour) the cell plate was moved from the incubator

into tissue culture hood, and, using @3ul micropipette and tip, 10Ql of solution from each
24cwell was added into a @@vell clear flatbottom plate (Corning). The cell plate was
returned to the incubator for a further 30 mins. The fluorescence values of to@ébplate
wasmeasured irthe microplate reader using excitation and emission filter of 544 nm and 590
nm respectively, and set at the correct gain as calculated in initial calibration curve
experiment. After 30 mins, the cell plate from incubator was placed into the tissue eultur
hood, and, using a 2Q@ pipette, 100ul of solution from each 2dvell was added into a 96

well flat bottom plate, the fluorescence of the &fell plate was then measured in the
microplate reader. PrestoBlue mix was aspirated from each well, eaclwaglvashed once

with cell viability media and aspirated, then 1 ml of osteoblast growth media (or osteoblast
differentiating media depending on the day of experiment) was added to each well, before it

was returned to the incubator.

5.3.9 Live/Dead Cell VialyliAssay

ReadyProbes Cell Viability Imaging Kit Blue/Green (ThermoFisher Scientific) were used for
morphologically determining the viability of cells. The AW2 scaffolds naturally fluoresce red
and orange during confocal microscopy (Nikon Al confocal stope), therefore this
specific kit was required. The NucBlue live stains the nuclei of live cells blue, and the
NucGreen dead reagent stains the nuclei of the dead cells grdena falcon, room
temperature osteoblast media was prepared in excess, 2 drops of each NucBlue and
NucGreen regent for millilitre of media was added and inverted four times to distribute
evenly. The media was aspirated from each well of the\&dll platewithout damaging cells.
Added 1 ml of media containing regents to each well, and then incubated for 15 mins. The
media containing the reagents was removed, and replaced with fresh media, then imaged

immediately using confocal microscopy. NucBlue etioitiemission 360/460 nm, NucGreen

133



excitation/emission 504/523 nm. Live/Dead assay took place on day 1 and 3 of the main

experiment.

5.3.10 Calcium Deposition Investigation
The osteoblast cells are expected to produce calcium deposits and mineralization wben gi
differentiating media, which would indicate-vitro bone formation. Alizarin Red Stain is an

orangered coloured stain used to identify calcium, usually in cultured aeNgro.

5.3.10.1Alizarin Red Staining

Alizarin Red solution was prepared by dissuv2 g of Alizarin Red Salt in 100 ml of water,
agitated using benchtop vortex. The pH of the solution was adjusted @4t3.using either
Ammonium Hydroxide solution (NBH, 1 molar, Sigma Aldrich) or Hydrochloric Acid (HCI
37%, Sigma AldrichThepH was checked prior to every use and adjusted to pH 4.8, the

required volume was filtered through 0.2@n syringe filter equipped with a PES membrane.

Remove plate from incubator, media is aspirated carefully, and washed with PBS twice. PBS
was apirated and 1.5 ml of 10 % neutral buffered formalin (Sigma Aldrich) was added to each
well and placed on orbital shaker at 80 rpm for 60 mins at room temperature. The neutral
buffered formalin was removed carefully, and cells washed with water befonedf Alizarin

Red Solution was added, plate was covered in foil and placed on orbital shaker at 80 rpm for
45 mins at room temperature. Aspirate the Alizarin Red solution, and wash wells four times
with water for 5 mins at each wash. Aspirate the wated add 1.5 ml 2.5% Glutaraldehyde
solution to each well. Samples were imaged uieiga Microscopé.eica M165 FCAlizarin

red staining was carried out on day 1, 14 and 21 of the main experiment.

5.3.10.2SEM Fixation and Imaging

Samples fron5.3.10.1were stored in an excess of 2.5% Glutaraldehyde solution, stored in
the fridge (4C) covered in aluminium foil. Prior to gold coating, a dehydration process was
required The Glutaraldehyde solution was aspirated, without disturbing cell layers, and
washed three times with PBS he dehydration process consisted of a series @ibute
ethanol in deionised water washes (25:75, 50:50, 75:25, 90:10, 100:0) at room temeera

The samples in 100% ethanol were then taken to the Newcastle University SEM facility for

gold coating using a Polaron Gold Coater (sputter time 40 seconds, 10 nm thickness, at 40
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mA). Scanning electron microscopy imaging was carried out on twoinesciTescan Vega
3LMU and Hitachi TM3030.

5.3.10.3Alkaline Phosphatase activity

The alkaline phosphatase (ALP) activity from each sample (cell seeded AW2 scaffolds and
controls, and negative controls) was monitored using an Alkaline Phosphatase Assay Kit
(Cobrimetric) (Abcam, UK)n this kit pnitrophenyl phosphate’(NPP) is used as a phosphate
substrate which becomes yellow in colour when dephosphorylated by ALP, absorbance was
measured on microplate reader at 405 nrin brief, the culture media around éhsamples

GSNBE FylfteaSR RANBOGf & dzatedurdinieda was oflidrtetd O (i dzN.E
before a media refresh, or prior to another analysis, therefore the culture media was in
contact with the sample for at least an overnight incubation. $taedards were prepared

FNBaAaK SOSNE (GAYS GKS (Al ¢l a dzaSR3I | OO2NRAY
carried out in replicate and 8a of culture media used per well, incubation was at lab room
temperature with the plate covered using foidrf 60 mins, after which stop solution was

added. The protocol on the microplate reader was set to shake for 30 seconds at 600 rpm

linear before the plate was read at excitation 405 nm. Samples that produced signals higher

than the highest standard werdtber analysed for bubbles (bubbles removed using l10

tip) and read again, or were diluted in appropriate buffer and reanalgsiyen the dilution

factor was used in calculations.

5.3.10.3.JALP Standard curve calculations

The standard curve is required as tbarve equation is used for calculating the amount of
“NP in each sample well and, consequently, the ALP activistly, the corrected absorbance
values were obtained by subtracting the mean absorbance value of standard 1 (blank) from
all standard reahgs and sample readingg he duplicate readings for each standard were
averaged and the readings plotted, e.g. using Microsoft Excel, to construct the standard curve.
The linear trendline equation was generated and tifev®lue was obtained for the fitted

trendline.

5.3.10.3.Zalculations for ALP activity

The equation for standard curve was used to calculate the ALP activity for each of the samples

equation(15). The duplicate readings were averaged for each sample, which resulted in more

I OOdzN} GS SaidAYFGA2Yy 2F [t | OGA@GAGE® ¢KS ol
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used to correct each positive control well, the values for 1serded scaffolds (negative
controls) were used as a background in the AW sampld®e equation for ALP activity in

(umol/min/ml) or (U/ml) is as follows:

ALP Activity= v 0O (15)

The amount of NP in a samplevell, calculated from the standard curve(2 f 0 X A
wSIFOGAZ2Y (IAES ogKMYyOQIKO ARG Yodzf GALX ASR o6& GKS 2
GKS NBI Ol AtK/S gaS VLAt Sy +RAM dzGA2Yy FFOG2NI Aa RSy
5.3.11 ImmunofluorescenStaining and Confocal Microscopy

ActinGreen 488 ReadyProbes reagent (ThermoFisher Scientific) to detect actin is visible as
green in cells, and DAPI as blue nuclei in cells. First, media was aspirated from wells without
damaging cell layers. Then 1 rifoom temperature Paraformaldehyde solution (4% in PBS)

was added to each well, and incubated for 30 mins to fix cells. In an appropriate falcon, DAPI
solution with PBS was made and kept covered with foil, after cells first 3thnfume hood,

these wee washed once with PBS, and then added 1 ml of DAPI PBS solution to each well,
incubated in dark for 30 mins. In an appropriate falcon, PBS with two drops of ActinGreen
488 reagent per millilitre of PBS was added and inverted four times to ensure even
digribution, kept covered with foil After the incubation with DAPI PBS, aspirated and washed

with PBS three times. Added 1 ml of ActinGreen and PBS solution to each well, incubated in
dark for 30 mins. After final incubation, aspirated the solution amghed three times with

PBS, the cells were imaged as soon as possible. Stored with excess PBS, covered with foil and
keptin 4°C fridge. Imaging was carried out using confocal microscopy (Nikon A1 microscope),
ActinGreen 488 excitation/emission 495/51&FITC, for DAPI excitation/emission 360/460

nm.

5.3.12 Mechanical Test on Scaffolds

Compression analysis using a Shimadzu Compression Tester (Shimadzu Corporation, 2014
model AGSK with 10kN load cell) was undertaken to evaluate the mechanical properties of

thS OStf aSSRSR aoOl F¥2t Rao® /| 2Y LINBaaA@S a0GNBy
the compression test, as described@mapter2, section2.11 The cell seeded scaffolds and

controls were used at their specific time points (day 1, 3, 7, 14 and 21), the scaffolds were
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treated with paraformaldehyde for 30 minutes, then keptsterile PBS until the day of the
mechanical testing. The wet scaffolds diameters were measured on both sides and the height
was measured using a digital calliper. The scaffold was placed into the PBS again for 1 min
after the calliper measurements, atigen this wet scaffold was placed on a single sheet paper

of single ply tissue for 30 seconds before being placed into the machine.

The parameters were a crosshead rate of 0.5 mmwiith a load cell up to 10 kN for these
wet scaffolds. The averagantensions of the scaffolds were used for calculatioas,

previously explained in Chapt2ysection2.11, using EquatiofiL0).

5.3.13 Statistical Analysis
All graphs show a mean of 3 samples unless stated otherwise. All error bars are + standard
deviations, unless stated otherwis@he software used waSraphPad Prism, SPSS software

or Microsoft Excel Unless stated otherwise,ne-way ANOVA was used wigtt dz] PEse &
K20 0Sadz LI X nonp sl a O2yaARSNBR G2 o65S
nonm A& RSY20GSR 0@ FfFX LI X ndnnnm Aa RSy2i
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5.4 Results

5.4.1 Preliminary Cell Experiment

The number of viable cells measured using PresteBler a 14day experiment are shown

in Figureb-2. Figure5-2 shows the number fcells attached to AW2 scaffolds seeded with

2.5 x10 cells and AW2 scaffolds seeded with 5.05ddlls using PrestoBlue on days 1, 3, 5,
7,10 and 13. The numbers of cells on both scaffolds follow a similar trend across the duration
of the experimentwith the number of cells on the final day (day 14) being almost the same,
with overlapping error barsBoth seeding densities reached a peak on day 7, with an evident
decrease in the number of cells on day 10, following the same tré&he to the similaties

in behaviour, for the main experiments a cell seeding density of 2.0wd€ used.
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Figure 5-2: PrestoBlue viability assay for foetal human osteoblast cell se@té2iscaffolds
across 14 days of culture with growth mediBhe orange values represent scaffolds seeded
with 5.0 x10 cells, the blue represents scaffolds initially seeded with 2.5cdl6. Number

of cells was calculated using a calibration curve, mean values are shown with standard error
of mean, N=3.
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To compare the cell proliferation between the cells seeded on tissue culture plastic (positive
controls) and cells seeded on AW2afolds, all conditions are shown dfigure5-3. This
allows for evaluation of trends across cell seeding densities (2*aRrti®.0 x16) on scaffolds

and 2D surfacacross 14 days in growth media, as showRigure5-3. It can be noted that,
regardless of culture method, the number of cells decrease from day 1 to day 3, andljene

the numbers of cells steadily increase, except for tissue culture plastic seeded with 5.0 x10
cells where the decrease continues until day 5 but then increases until the peak at day 7. All

conditions show a peak in number of cells at day 7 follolwed decrease in numbers.
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Figure 5-3: PrestoBlue viability assay for foetal human osteoblast cell semalgssue culture
plastic (in legend as Cells) andW?2 scaffoldgin legend as Scaffoldsacross 14 days of
culture with growth mediaThenumber in the legend 5086fers toseedng with 5.0 x168 cells,
the number 250 refers tinitially seedng of 2.5 x1( cells. Meanvalues are shown with
standard error of mean, N=3.

Following the preliminary experiment, the number of cells were chosen @xXP per

scaffold for the modified AW2 scaffolds and original AW2 scaffol@ikefollowing results

were ahieved in the main experimenais outlined in Sectiob.3.6
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5.4.2 Cell Viability and Growth
A PrestoBlue cell viability assay was carried out to determine the numimsilsfat specific

time points. The calibration curve for PrestoBlue is shovifignres-4, the Rvalue is 0.9894.
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Figure 5-4: PrestoBlue calibration curve for foetal human osteoblast cells at pass&agjgows
linear relationship between number of cells (up to 360,000) and fluoresd¢n8e
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Figure 5-5: PrestoBlue viability assay for foetal human osteoblast cell sesdaffolds
(original and modified scaffolds) over a -2y incubation period. Number of cells was
calculated using the calibration curve, mean values are shown with standardoémean,
N=3.

The number of cells observed using PrestoBlue across multiple time points (day 1 to day 21)
on cell seeded AW?2 scaffolds is showrrigure5-5, initial seeding on day 0 was at 2.0 X10

cells per scaffold. Both scaffold types (original and modified) show a similar trend across the
21 days. The general trend shows a significant increase of cells (a peak) on day 7 for both
scaffold types. There issagnificant decrease in number of cells on day 9 for both scaffold
types, and then differentiation media was added. On day 21 of the experiment, for both
scaffolds, the number of cells is very similar (approximately 1.5 ¢dl(s), the error bars

overlapon this final day.
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Figure 5-6. PrestoBlue viability assay for foetal human osteoblast gklks coverslips
(positive controlspver a 21day incubation period Number of cells was calculated usitige
calibration curve, mean values are shown with standard error ohpiga6.

The positive controls for the main experiment were foetal osteoblast cells seeded on glass
coverslips, the number of cells observed is showRigure5-6, the initial eding densitypn

day 0 was at 2.0 x2@ells per scaffold, with the final day at day 21. Atday 1, the cell number
remained constant at 2.0 x¥@ells, then showed a sharp increase to 4.5°cHs followed

by a sharp decrease in cell numbers. Theanisncrease in cells until day 9, then a decline
again until day 14, followed by the highest cell increase to 5.450ell® at day 21, which also

has the largest standard error of mea3.9 x13. The number of cells more than doubled

from day 1 to day1, with quite a norconsistent trend.

5.4.3 Live/Dead Cell Viability Assay

To evaluate the viability of the cells, a Live/Dead assay was performed on day 1 and 3 of the
experiment. The blue colour seenkigure5-7 to Figure5-9 represents the live cells (DAPI)

and the green represents dead cells. This viability assay was carried out on modified scaffolds
on day 1 only A red and/or orange coloured assay were noe¢disn any experiments, as the
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scaffolds naturally fluoresce red as showrFigure5-8 below. The surface morphology of
the scaffold can be imaged with a red filter tlkis was only used very minimallyherefore,

almost all imaging from confocal microscopy was executed without the red and/or orange

filters.

Figure 5-7: Live/Dead staining after tlay of osteoblast culture, scale bar represents| 800
A) modified AW2 scaffold, z= 93490, B) original AW2 Scaffold z=107 @gth, C) Positive
control z=17.Qum

Figure5-7 shows a sample image from Live/Dead assay of (A) modified scaffold, (B) AW2
scaffold, (C) positive control, after 1 day in culture with osteoblast cells. There are some dead
cells visible agreen fluorescence in all conditions. There appears to be around twice as many
cells in the original scaffold compared to the modified scaffold (A), this correlates with the

PrestoBlue results for day 1 of culture.
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Figure 5-8: AW2 scaffold cultured with osteoblast cells for 3 days, with thateur merged
image of blue (live cells), green (dead cells), and red (natural scaffold fluorescence).

Figure5-8 shows Live/Dead assay on AW2 scaffolds cultured in osteoblast cells for 3 days,
three different filters on the confocal microscope were used for this imaging. Filters shown
are DAPI (blue), Alexa 488 (green) and AEXBH), and the merged image. The scaffolds
naturally fluorescered; therefore this filter was deactivated during almost all confocal

imaging as it interferes with the image analysis.
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Figure 5-9: Live/Dead staining after 3 days of culture with Osteoblast cells, scale bar
represents 30im. A) a small proportion of evenly spread dead cells (green) across the AW2
scaffold, zdepth: 148um. B) live/dead on glass covbps shows that the dead cells are
primarily in the top right corner where there is also high concentration of live cetlspih:

31 um.

Figure5-9 is a sample image from confocal imagining of osteoblast cells cultured on AW2
Scaffolds (A) and Glass coverslips (B) after 3 days. The live cells are indicated by blue (DAPI)
and green indicates dead cells. On AW2 scaffolds (A) the general conflugheycedls is
relatively even across the surface imaged, on the glass coverslips (B) there are areas of
minimal cells (black patches) and areas of high cell density as indicated by the high blue signal.
On the high concentration of cells (indicated by terarrow), there also is a high number of

dead cells.

5.4.4 Alizarin Red Stain
Alizarin Red staining was carried out on AW2 scaffolds and their controls at specific time

points (days: 1, 14 and 21).
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Figure 5-10: Sample images from Alizarin Red stain shown here. A and B)séeeblast
seeded original AW2 scaffolds usisigreomicroscopyscaffold surfacenorphologycan be
visualisedto some extentut calcium depositsin cellsare noteasily identifiable C) is an
original AW?2 scaffold seeded with osteoblast cells for 14 days. There is no orange/red colour
differentiation across the scaffold.

Due to the nature of the AW2 material (calcium content), the alizarin red colodertne
Leica microscope appeared the same red colour across all the scaffolds including the negative
controls, as shown in samples image&igure5-10. The resultsvere inconclusive and have

therefore not been included.

5.4.5 Alkaline Phosphatase
I &0l YRFENR OdzNBS 61 a OF NNASR 2dzi F2NJ S OK SE
described in sectios.3.10.3
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Figure 5-11: A } NP (pNitrophenol) standard calibration curvéor Alkaline Phosphatase
(ALP). Linear relationship is shown betwegNP values and absorbance, N=3.

A sample standard curvé-igure5-11) used in an experiment is below for demonstration

purposes, with an Rralue of 0.9987.
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Figure 5-122 Normalised Alkaline Phosphatase levels on cell seeded scaffolds up to 21 days
in culture. Original AW2 scaffolds are shown in blue, and modified AW2 scafi@daown

in orange. Differentiation media was added from day 9 of culture. Error bargesept
standard deviationd\N=3.

Figure5-12 shows normalised ALP levels, the negative controls (scaffolds without cells) were
used for normalising the data. The ALRels on day 1 of the experiment are very similar,

with overlapping error bars, no significant difference was reported. The ALP levels gradually
increased for both scaffold types up to day 14, with a sharp increase between day 7 and day
14. It is importah to note that differentiation media (which includes the steroid
Hydrocortisone) was used from day 9 of the experiment, and refreshed every other day where
possible. The modified scaffolds had-®ld increase in ALP levels between day 14 and day
21. Tk original AW2 scaffolds experienced a decrease in ALP levels between day 14 and day
21. It appears that the differentiating media had an effect on the ALP levels in the cell seeded
scaffolds as well as the positive contréligure5-13, which was to be expectefliu et al.,

1999, Fromigué et al., 1998, Radin et al., 2005, Hoemann et al., 2009, Lin et al., 2012, Nasello
et al., 2020)
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Figure 5-13. Alkaline Phosphatase levels shown onifpges controls (Cells on coverslips) up
to 21 daysin culture. Differentiation media was added on day Brror bars represent

standard deviationd\N=3.

Alkaline Phosphatase levels in the control wells, cells seeded on coverslips for up to 21 days,
are siown inFigure5-13. The trend shows a gradual increase from day 1 to day 14, and then
a sharp increase between day 14 and day 21. From day 14 to 21 there is aan&afty

increase in ALP levels.

5.4.6 Actin/DAPI staig Confocal Microscopy

ActinGreen 488 ReadyProbes reagent was used to detactifr as green in cells, and DAPI

was used to detect nuclei of cells as blue. This staining was carried out on AW2 scaffolds on
days 1, 7, 14 and 21. The images were obtained using confocal myosihb differing Z

depths stated in the captions. The images will be organised as cell seeded scaffolds (images
A, B and C), and the positive controls (D, E and F). Unless stated otherwise due to confocal
program limitation, images A & D have a widthdameight of 1272um, image B & E has a
width and height of 63m, and image C & F has a width and height of 32
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Figure 5-14: Confocal images at daydf experiment,-depth (1m) is as follows A: 161.1, B:
143.2, C: 102.0, and D: 53.7. On E & F, the height and width is 3118.8vith a zdepth of E:

10.5 andF:0.0 um. Scale bar represents 1Q@m unless stated otherwise. Osteoblasts on
Scaffolds arenot fully covering the scaffolds, but do show signs of integrating into pores. The
cells have a spreadut morphology on the scaffolds, yet on the glass cover slip appear to be
spindle shaped.

Figure 5-14 shows the morphology of the Osteoblast cells on AW2 scaffolds and glass
coverslips after culturing for 1 day. The cells do not fully cover the AW2 scaffold surface,
there are black background areas visible, whichcatis no staining. An area that has no

staining, indicates that it is the AW2 material with no cell coverage.
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Figure 5-15: Confocal microscopy image of AW2 scaffolds cultured with Osteoblast cells for
1 day, height 1272.0m, width 1272.Qum, zdepth 224.Qum. Scale bar represents 2. A)

the blue represents the nucleus of the cells stained with DAPI. B) Actin filamersisiaed
green. C) the sintered AW?2 particles fluoresce red with a red filter. D) the sintered AW2
particles also naturally fluoresce orange when viewed using an orange filter. The scaffold
surface can be seen readily with the orange filter showing énespas black. E) Osteoblast
seeded AW2 scaffold surface is shown with

AW?2 scaffolds cultured with Osteoblast cells for 1 day are showigure5-15, with a height

and depth of 1272um, and a zdepth of 224.0um. All filters were used in the imaging to
AaK2¢g UKS STFSOGa 2F GKS alOlF ¥FF¥2f RQa v IndedzNJ f
it would have on imaging. Regarding the orange fikegure5-15-D, the scaffold morphology

and pores can be seen quite easily. The final merged imkggiré 5-15E) is not
comprehensible to draw conclusions from due inability to differentiate between the multiple

colours.
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Figure 5-16: AW2 gaffolds and glass coverslips cultured with Osteoblast cells for 7 days. A:
197.95, B: 102.0, C: 58.28, D: 32.32, E, 75.0, F:11.55 um. A) a pattern can be seen forming
with most of the aati flaments going towards similar directions. B) actin filaments are
towards the same direction, some dark gaps visible indicating not all of the surface is covered
in cells. C) upon magnification mixed directions of actin filaments visible, and brigbitaésp
suggesting nucleation points.

Figure 5-16 shows the morphology of the Osteoblast cells on AW2 scaffolds and glass
coverslips after culturing for 7 days. Thdls@appear to cover most of the surface of the
scaffold, with some areas still not fully covered. In C) it can be seen that the actin filaments
are spread out, suggesting stress filaments as it is multidirectional, the nuclei are visible but
appear to badeeper in the dayer than the actin filaments. In F) the filaments appear to be

mostly in the same direction, with the nuclei visible.
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Figure 5-17: Actin (green) and DAPI (blue) staining illustrating morphology after 14 days of
Osteoblast cell culture with AW2 scaffolds and glass coversligepthpumare as follows; A:
80.55, B: 81.0, C: 100.5, D: 26.85, E: 20.8,18.0. Scale bars represent 10

The morphology of Osteoblast cells cultured for 14 days with AW2 scaffolds (A, B, C) and glass
coverslips (D, E, F) is shownFigure5-17. On AW2 scaffolds, the alignment of the actin
(green) appears to follow a pattern (arrows to show pattern direction) and is visible on the
scaffolds, with some areas showing increased actin florescence. The alignment profile of actin
on glasssaffolds are in a similar orientation to each other, but upon magnification the cell

orientations appear to vary in different directions.
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Figure 5-18: Actin (green) and DAPI (blue) staining illustrating morphology after 21 days of
Osteoblast cell culture with AW2 scaffolds and glass coversligepithpmare as follows; A:
183.47, B: 148.20, C: 70.2, D: 53.7, E: 42,90.0. Scale bars represent 1.

Figure5-18 shows osteoblast cells on AW2 Scaffolds and on glass cover slips after 21 days of
culture. The actin filaments on theaffolds are unidirectional as seen in A) and B). The actin
FAONBaA 2y GKS 3t aa O20SNJ at ALldA R2y Qi I LILISIH

appear to be spread out in nature as shown in F).

154




















































































