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Abstract

Injectable microspherdased delivery systems have great potential in tissue engineering, since they
remove the need for open surgery. Current bone filler systems forload bearing applications do

not fully resorb and only allow regrowth of bone at the implant interface. Withinttigsis,a tissue
engineered injectable bone filler was developed and optimised. This was in the form of polymeric
microsphereshat support humanembryonic stem celtlerived mesenchymal progenitor (hHE8)

cells for implantation A polymer high internal phase emulsion (polyHIRErosphere fabrication
systemwas selected ovea range ofother fabrication techniques includin@-photon direct writg
projection based stereolithography andicrofluidic particle manufacture. A combination of the
microfluidic technique and the double emulsion method were selected for further study due to their
rapid production rate and inclusion of customisable intermaicrofeatures (porosity). Using a
EHA/IBOA copolymer system the manufacturing conditions were explored to allow independent
control over the microspheres external diameter (D00 um) and interconnected internal pore size

(2 ¢ 60 um). Static culture diESMP cells over 30 and 60 days on EHA/IBOA microspheres were
conducted and increased cell activity was observed. Cell enabled microsphere aggregate formation
was observed and the steady ingrowth of cells was observed up to dayh8Getection of calcim

and collagen deposits confirmed the presence of osteoblasts within the pores of the microspheres.
Osteocyte like celinorphologywas observed within the pores of the microspheres after 60 days in
culture. A biodegradable PCL polyHIPE system was usegéatthe key experiments performed with

the nondegradable EHA/IBOA system and similar results were observed. Injection studies found
superior cell survival on porous PCL microsphere compare topamyus microspheres. A
Chorioallantoic membrane assay wased to determine angiogenic potential of both seeded and
unseeded microspheres. An increased angiogenic response was observeddeegesl microspheres.
This research began with initial selection of miparticles for a tissue engineering injectabéagold

and successfully progressed to tpes-in-vivo stage having investigated manufacturing conditions,

biocompatibility, degradability, injectability and angiogenic potential.
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Chapterl: Literature review and Introduction

Chapter 1Literaturereview and Introduction
1.1 Tissue engineering

1.1.1 Basic principles of tissue engineering

The combination of a scaffold and cells in an engineered solution to restore, replace or imitate a tissue
within the body for a regenerative applicatiqfigure 1.1. Tissue engineered constructs are being
engineered to provide a solution for a diverse ranging of regenerative applications from skin patches
for burns patientq1] to whole organ replacemeri®, 3]. In thisthesis,the application considered is

one of bone tissue engineering.

The conmon source of cells used for tissue engineering are stem[dedlls Stem cells range from true
omnipotent stem cells to progenitors of a single cell line. For epiidins stem cells are usually chosen
which have their differentiation potential limited to a few different cell types, as this adds additional
control over the resulting cell type. These cells can be obtained from many sources, although
autologous stem dés are usually used if the cells are going to be used in a patient. Cells can be taken
at birth from the placenta and stordd] or stem cells can be harvested from the adult b¢8ly Stem

cells have been found in almost all tissues in the body, popular sources for future tissue engineering
are those from the blooB], fat[9, 10] or bone marrow[11] as these are easier to access and remove

from the body within minimal surgery.

¢tKS aoOlFFF2tRQa NBfS Aa (G2 KStL) OStfa | dnvivlOK G2

to help restore or replace the surrounding biological tissue. For this they must have suitable
mechanical stability, biocompatibility, biodegradability, porosity, surface chemistry and surface
roughness to create an object a surgeon can implanfaodide a suitable microenvironment for cells.
The scaffold must direct cell differentiation to a desired cell type (or to maintain areas of stem cells in
artificial stem cell nichegl2, 13]). This can be done chemically (biologically) or through the use of
topology and ideally through hb. The differentiation of a stem cell is influenced by a wide variety of
additional factors such as cell to cell and celletdgracellular matrix(ECMN) interactions, surface
chemistry, protein absorption, intracellular and extracellular signalling along with integrin and ligand

connectiong14].

An ideal scaffold should be able to influence or control these factors to direct the differentiation of

cells into the desired phenotype. By mimicking the natural structure of the ECM where a cell is found

within the body it has been shown that this has an effect on the differentiation of cells to that

phenotype[15, 16]. Controlling the morphology of a cell also has an impact on its phen¢iyfie

forcing a cell to morphologically resemble another cell has been found to exhibit trellse c

phenotypes[18, 19]. The mechanical properties of the scaffold are also linked to cell differentiation
15
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[15,16,201® S5AFFSNBY(d &2dzy3Qa Y2RdzZ dza 2F |+ &adzo ad NI

cellson the surface of the materigf1, 22].

Implantation
into patient

@

A "

Tissue development

in bioreactor %

= 06"0
"’:o L)
OIO)

Cell proliferation

Seeded onto scaffold

Figurel.1. Diagram for the process of tissue engineering. Cells dracteed from the patient and
isolated to the target cell type. Cells are thexpanded up to the number of cells required. Cells are
combined with the scaffolds and cultured in a bioreactor along with mechanical stimuli and growth
factors. The scaffolds athen implanted into the patients.

1.1.2 Bone tissue engineering

Despite appearances bone is a living tissue like any other in the body. Bone is a composite of collagen
and the mineral component hydroxyapatite. Bone is under a constant state of remgdafiich can

react to stimulus and heal damage from trauma. Many cell types and unique architecture form bones,
along with a complete vasculature system. The skeletal system is not only for locomotion, support and
protection but also as a reservoir for calziuThis vital tissue can become damaged beyond the ability

of the bones to heal themselves to their original structure. Complex fractures and cancer can cause
damage too severe to heal without surgical intervention. Advanced surgical procedures have been
developed using ceramic fillef23], titanium ping24] or entire joint replacementf25] to name but a

few. These surgical interventions usually remain within the body permanently and can cause biological
problems such as the generation of nrdagradable/removable wear particles, infection or mechanical

issues sch as shear loading.
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Chapterl: Literature review and Introduction
Tissue engineering for bone aims to repair or replace the bone with functioning living tissue, which will
become part of the patient over time. As bone is constantly remodelling, a biodegradable implant, if
timed correctly will disirggrate as the natural tissue remodels and takes its place. Combining a scaffold
GAOUK (GKS LI GASylGQa 24y OStfta ftt2ga F2NI GKS NBY
but throughout the implant. Many challenges currently exist in theédf many are common to all
tissue engineering, such as issues of sufficient vascularisation and the need fecethaitiltures, but
others are more specific to bone, such as coping with the load bearing nature of bone and the

comparatively slow remodkhg.

Disease statesuch as nosunion fractures, voids and osteoporo#iigt require packing with a material

to treat. The current options range from ceramic fillers, bioactive glasses and autologous bone fillers
(see table 1). A significant drawback loése techniques is that while there may be fusion and ingrowth
around the edge of implant there is little to no growth in the centre of the material. A tissue engineered
solution may allow for complete healing of these wounds by enabling complete regr@ethplex
fractures can take months to heal completely, often requiring open surgery and the implantation of
metal devices to enable full recovery. Tissue engineering is highly unlikely to replace metal implants
but it could be used to prepare a site withthie bone for metal implants where little bone remains, as
may be found with revision surgery. Voids left within the bone after a cancer is removed could be filled
with a viable construct to allow full remodelling without needing secondary surgery to starve
additional bone tissug¢26]. Dental sockets within the jaw also require packing after a surgery to

remove teeth[27].

1.1.3 Materials for bone tissue engineering

A wide range of materials are currently used for bone tissuenemging. Arguably the most prominent

is metal which is used in joint replacement and pins. This prominence is due to the high stiffness of the
material (compared to most other materials), along with its fracture toughness and biocompatibility
for some metds, such as titanium. The development of resorbable bioglass has led to many different
compositions of glass used for bone applications. Glass is a very strong material, especially under
compression. The addition of Strontium into bioglass has had mangessicl applications as
strontium has been found to cause a high level of bone growth when compared to scaffolds without

strontium 28, 29].

The ability to control the precise chemistry of polymers allows high levels of control and tailoring to
the properties of the scaffold. Many synthetic polymers have been tested for tissue engineering such
as polystyrene, poHacticco-glycolic acid (PLGA), polylactic acid (PLA), polyglycolic acid (PGL) and
silicone among many others and are reviewed extensively elseWB6reOther polymers such &

ethyl hexyl acrylatdEHA and isobornyl acrylat§IBOA contain a nordegradable carbon backbone
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which limits their use ifvivo [31]. Thiotene polymers are formed by click chemistry of a reaction

between a thiol andilkene to form an alkyl sulphide.

Tablel.1. Table oturrentbone filleran the literature

Class Material

Bioglass Lime
phosphosilicate
glass

Strontium
bioglass

Bioglass/ Resin modified
cement glassonomer

Cement Calcium
phosphate
cements

Hydroxyapatite Very slow
(years)

Poly(methyl
methacrylate)
(PMMA
cement

Zinc phosphate
cement

Zinc

polycarbonate
cement

Natural SoybearBased
polymer
Demineralized
bone matrix
Autografts

Platelet Gel

Degradable

No

No

No

Yes (some)

No

Yes

Yes

Yes

Yes

Manufacture
method
Melted at high

temperatures

Melted at high
temperatures

Sintering at high
temperatures
with the
exclusion of
water

Various

Sintering at high
temperatures

Sintering at high
temperatures

Sintering at high
temperatures

Thermosetting of
defatted soybean
curd

Acid extraction of
mineral content
of bone

Surgery from
patient

Platelets
collected from

Advantages/ Refs
disadvantages

+ Biocompatible [32]

+ Osteoconductive

+ strong interface binding

with bone

- Brittle

+ additional Osteogenic  [33]
effect

+ Mild antibacterial effect

+ Ease of handling [34,
- Unpolymerised polymers 35]
leach from material

+ Osteoconductive [36,
- Exothermic setting 37]
mechanisms

- Slow degradation [38,
+ Osteoconductive 39
- Exothermic setting [40,
reaction 41]

- Non-stable interface
+combined with other
components have
improved some issues

- Zinccauses [42]
encapsulation response

- Brittle cement

+ Sets via noexothermic [43]
reaction

- Leachs unreacted metal
particles

+ Low immunogenicity  [44]
- Very rapid degradation

- Variability in product [45]
+ Contains relevant i
molecules

- Secondary wound site  [46]

+No immune rejection
+ No immune rejection
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patient  before + no secondary surgery

surgery site
- Clinical efficacy not
established
Synthetic Polylactic acic Yes Pdymer melted +Hydroxyapatite [23]
polymer & and mixed with component
hydroxyapatite hydroxyapatite - Acidic build up on
degradation
PLA/PGA/PCL Yes Polycondensatior + Biodegradable [47,
- Undergoes bulk erosion 48]
Polyhydroxy Yes Produced by + Minimal inflammation  [49]
alkanoates (generally) microorganisms - Time consuming
extraction method
Polypropylene Yes two-step reaction + Readily removable [50]
fumarate of two polymers degradation products
+ Variable mechanical
properties

- Not as widely researche

1.1.4 Top down and bottom up tissue engineering

Top down tissue engineering is the traditional approach of creating a bulk scaffold as a single entity
(figure 1.2) The scaffold will often require tailoring to fit into the implant locationkas will be patient

and wound site specific. Bulk scaffolds allow for long range design features such as channels to induce
vascularisation and importantly for bone tissue engineering usually have more robust mechanical

properties than modular scaffolds.

Bottom up tissue engineering is where a scaffold is built up out of smaller units in a modular fashion
[51]. The smaller units are designed and manufactured independently and are then assembled at some
point intime, up to the implantation of the scaffold. This can be weeks before the implantation or it
can be during the implantation, depending on how the scaffold is designed. When producing a scaffold
using the bottomup approach by combining smaller buildingpdKs, there are several general

methodologies and more specific techniques which have been reportégtiiterature [52, 53).

19



Chapterl: Literature review and Introduction

“Bottom-up” Approach “Top-down™ Approach

Cell Micro Cell Cell Cells Polymer Scaffold
agaregation fabrication sheets printing

—a

&1l s

Modular Tissue Cell Proliferation + Scaffold 1
_ i . ECM Depaosition Degradation
_.:--""-'.# \\ﬂ i N
Randm‘n D[F’E‘Gﬁ&d _m- —% P
assembly assembly o W

!
Stackini

Figurel.2. Two methods of tissue engineering: the top down approach and the baipoapproach.

For the top down approach cells are combined with a monolithic scaffold and often encouraged to grow
throughout the scaffold usingl@oreactor. There are multiple methods for producing tissue engineered
scaffolds by the modular route. These techniques often initially lack the more robust mechanical
propertiesthat canbe engineered into precisend custom scaffolds but can deliveral via minimal
invasive surgenReprinted with permission from Royal Society of Chemistry, journal: Soft fztier.
Copyright 20009.

i
=

Engineered Tissue

Random packing

Random packing is where the building blocks are rand@agbinedwithout anylongrangeorder.

The structure can be formed either by packing of the modular units into a confined space, or by
capillary action. A scaffold formed in this way has very limited mechanical properties as there is an
absence of ay initial interaction between the modular units. This can change over time, especially
where cells are involved and can produce ECM or remodel the scaffold. Initially the random packing
arrangement will not recover after shear, and will dissociate efsily This provides a poor structure

for use as a scaffold under load bearing applications unless further steps are taken. Some groups use
gels in combination with # modular units to improve mechanical properties and bring rigidity to the

scaffoldg55-57].
Seltassembly

Directed assembly (sedfissembly) uses particles whicttract and bind to one another, providing the
structure with some mechanical properties. This allows the scaffold to recover from shear, and it will
not disperse with agitation. Layday-layer techniques which allow for electrostatic interactions are

exampes of this methodolog}5s8]. Microparticles designed to physically fit/slot together are another
20
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example[59]. Scaffolds formed this way generally do not have lamgrangeorder but dopossess

some (usually weak) mechanical properties.
Additive manufacturing/directed assembly

Additive manufaturing allows modular units to be placed precisely where desired, to build up a
scaffold[60]. Particles are often linked or bound together in some fashion, aadteating, to provide
permanent bondind61]. This gives this manufacturing style the most robust mechanical properties
under tension and shear when compared to the other methods of modular scaffold assemble. It i
possible to form long range order in these scaffolds and to design complex 3D architecture. This allows
for more control over the scaffold, but fabrication requires long time periods. In this it is unlike self
assembly, which forms quickly irrespectiveits scale (i.e. small quantities take as long to form as
bigger quantities). Rapid manufacturing of scaffolds need to be redesigned for each

application/patient.

For the first two techniques either a mould is created or the modular units assembltijrwhich
allows then to directly take the shape of the implant site. Rapid prototyping requires imaging
technologies to determine the dimensions of the target implant g88. For mostapplicationsthe

rapid prototyping offer advantages in manufacturing and scaffold design that cannot be matched by
random packing or directed assemble. For some specific applications, such as voids withiretbe bon
even the brain after a strokgs3] (where open surgery is best avoided) it is beneficial to be able to
deliver the scaffold through a needle which is not possible with additive manufacturing formed bulk

scaffolds.
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1.2 Applications for particles in tissue engineering

1.2.1 Injectable scaffold s

The main advantages of using patrticles for tissue engineering is that they can be injected into the body,
obviating the need for open surgery. This style of key hole surgery is a far less invasive technique than
open surgery. Once injected, the particlesuld fill a void of any shape within the body. In contrast a
traditional scaffold would need to be redesigned based on scans of the patient, during the operation
2N KFE@gAy3a GKS LI GASydQa ¢2dzyR |t G4 SNBRg, pagicles A G G |
can be utilised in areas that are either difficult to access surgically or in an area where the act of open
surgery would cause more harm than the scaffold would biinigctable scaffolds are however often

unable to support load immediatetynce implanted and can therefeonly be realistically used in nen

load critical areas.

This practice is based on the previous methodologies of direct cell transplantation to the damaged
areas within the body but where it is difficult to track these traasped cells. Those studies that have
tracked the cells have found that the majority of the cells do not remain at the site of implantation but
are often found within the live[64]. The advantage of utilising particles is the anchoring effect they
have o cells. When these cells are bound to a substrate they are prevented from dispersing
throughout the body and remain bound to the microcarri@s]. Current bone fillers are usually
formed from fragmented ceramic power or bone cement, designed to seitin[66]. A tissue
engineered approach of cell loaded scaffolds would allow uniform bone formétimughout the
implant[67]. For injectable gels, problems occur in structuring the scaffold, with it being very difficult
to engineer any kind of porosifg8]. As seHassembling scaffolds are formed from solid particles, these

can be made to incorporate pores, channels, cells, biological chemicals, and otherrfahfgtaiures.

1.2.3 Microcarriers for cells/stem cells

Microparticles have been used to provide enhanced surface area for the expansion of cells in in vitro
culture[69]. When cells are taken from a patient to expand up to a greater number fionpanting,

the standard method is to culture these on flat plastic. A large surface area is required to allow the
production of the high number of cells required forsiie engineering. Particles are used in a
suspension system to greatly increase the area available for the cells to grow. This is especially true for
porous microspheres which have an extremely high surface area. This idea was first developed in 1967
by van Wezel and was used to mass produce vaccines for viral infections using mammalipitjcells

The additional surface area for growing depends on the size of the particles, the number of particles
in the system and the level of porosity in the particles. The materials used for these particles have to
be denser lhan the medium the cells are grown in as this allows the particles to remain in suspension

and not float on the surface.
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A drawback to this process are that the particles while being stirred are exposed to shear stress. This
can damage the cells, impedbeir growth or causes them to change in phenotype into mechano
induced cellg§71]. Collisions between the particles or with the exterior of the flask walls can damage
or dislodge cellsAlso,the retrieval of the cells from the culturensore difficult than flat surfaces, and
depends on the porosity of the particleslowever, for implantation as a delivery system it is not
necessary to detach the cells from the scaff¢k®]. These cell carriers are consequently used as an
implantation vehicle to directly implant theells back into the patient. Porous particles can prevent
cells being damaged or scrapped off during implantation via inje¢i@h Within the body these
particles can act as artificial (stem) cell niches, which could provide a constant production of

differentiated cells to populate the wound/organ/tissi&2).

1.2.4 Microparticle aggregates

There are two techniques which are ugedaggregate particles into a larger structure. The traditional
technique is particle sintering where particles are produced and then sintered together either
thermally or chemically74]. The newer technique is to allow cells which have been cultured on the

surface of articles to aggregate together through cell division and ECM production.

For particle sintering the particles are randomly arranged and aregaoone-another. This produces

a very highly interconnected structure although with limited total pore voly6#. Controlling pore

size is achieved by controlling the size of the particles and thereby engineering the size of the gaps
between particles. There are however many disadvantages to this technique. The firat the
sintering process usually requires an external treatment of heat or chemicals which is highly toxic to
cells. This results in the cells only being able to colonise the structure after the sintering has taken
place. It is then difficult to get cslto penetrate deeply with the structure unless elaborate perfusion
techniques are used. The scaffolds also lose their ability to be directly injected into the body as they
are now a large solid object unable to flow. If the particles where to be siniaside the body to get
around this disadvantage the sintering method would need to be-taait to host tissue ruling out

most chemical treatmentfr5]. Salenet al. demonstrated biotinylated polymer particle sasemble

when avadin was added to the particles in solution, forming an agglomeration of the paififé@es

Aggregation through cells relies on cell proliferation and the production of EGéhwhadually brings
adjacent particles together to form a structure. This then allows for the direct injection of cell laden
particles into wound sites. This avoids the need of open surgery which bulk scaffolds or externally
sintered particles would reqre for implantation. This technique is reliant on the number and
proliferation of the cells on the exterior of the particl&herefore the various culture conditions the

particles and cells are exposed to could vastly alter the success of a cell lsodifadd. Parameters

23



Chapterl: Literature review and Introduction
such as duration of culture, particle size, particle porosity, mixing intensity, initial cell number are

important considerations.

1.2.5 Bioactive agent releasing scaffolds

Biomolecules incorporated in the scaffold to be delivered upoplantation are a powerful way to
enhance a scaffolds bioactivity. Drugs and biomolecules are included to enhance bone growth and to
control and increase vascularisation. The compounds can be added to the scaffold material to be
released on degradatiopacked into the porosity of a scaffold to leach out over time; or bound to the
surface of the scaffold. Commonly used biomolecules for bone scaffolds ilmmudemorphogenetic
protein (BMPB [77], Insulinlike growth factor(IGH [78, 79], FGH80], vascular endothelial growth
factor (VEGI[79, 81], heparin andransforming growth factor betéfGF ). BMP has been shown to
increase bone formationendochondralossification and in low quantities to attract stem cells via
chemotaxis[82, 83]. VEGF can recruit cells and initiate the formation of blood vessel rapidly but if
SELINB&aaSR F2NJ (22 @3 Oly T2N¥ WwWiSI1eQ @#S554aSt:

Drugs that have been previously used in studies include gentamicin, vancomycin, alendronate,
ibuprofen and methotrexat¢85]. Additionally, gene therapy is used to modulate transcription factors
[86], mesenchymal stem clMSG growth and differentiatiorf87] or to increase bone formation using
plasmid encoded VEGE8].

1.2.6 Incorporat ion of polymer microparticles into tissue engineering scaffolds

The incorporation of polymer microparticles have been included in gels or soft biomaterials to improve
the mechanical properties of the gel. Even within a solid scaffold, rp@rticle additons have the

same effect as composite systems used widely in material science. Introducing particles within another
matrix retards the progress of crack propagation through the material. This increases the materials
toughness and increases the amount okegy required to deform the material. The polymer particles
also provide a solid structure for cells to grow on. Cells within a high water content material such as a
hydrogel are not observed forming the morpholagypical ofcells grown on a solid struate, which

can affect the differentiation of the cell§9] or prevent cells which require surface binding from
proliferating. The addition of microparticles i$sa a mechanism for adding growth factors and

bioactive agents into a scaffold.
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1.3 Porosityin scaffolds for tissue engineering
Here we are considering porosity in general and not specifically in relation to porosity of particles.
When consideringthel2 NRE & A G& 2F | YFGSNAFE . NUzOF dza 1 FAGT S
based on scale. Mact@ughness*100um), micropore size (10@dm ¢ 100um) and naneroughness
(<100 nm)[89]. Different sized pores have different effects on cell migration, proliferation and
differentiation along with more fundamental differences in the ability for nutrients to diffuse through
the structure. Macropores are important for the formation of vasculature and nanopores can be
beneficial for cell adhesion and the formation of ECM fije€s92]. When cosidering porosity; the
extent (percentage) of the porosity within the material, whether it is interconnected, the size of the
pores, the distribution of pore sizes and pore shape may all have an impact on the cell cultured on the

material.

1.3.1 Porosity i n bone tissue engineering

The widely reported ideal pore size for bone tissue engineering is one greater tham]l80metimes
reported to be 30Qum for invivo application$93]. There is a vast amount of conflicting data to define

a definitive ideal pore range and factors such as ellised, age of cells or animals and location of
implantation may all have different reactions to porosity. Smaller pores are acknowledged as
increasing the surface roughness allowing the scaffold to perform better. Lee et al. found that when
cultured ona porous polycarbonate membrane that when pore size was increased fromn2@6 8

pum the proliferation of MG63 cells increased and the osteogenic differentiation redi88dThe
increase of expansion room made available by the larger pores may have allowed the MG63 cells to
continue proliferating which would have prevented differentiation from occurrMéhen scaffolds

with larger poes are compared to scaffolds with both large and small pores the ones with both pore
types induced a superior responfg®]. It is hypothesised that the combination of pore sizembines

the impact of two length scales and hence more closely mimicking natural &@tve groups have
reported that ordered and disordered pore geometry has an effect on bone regeneration with ordered
geometry producing compact laminar bone and disordeperes producing anisotropic bone growth
[96]. Mechanical roughness of a scaffold has the beneficial effect of allowing increased binding

integration along the boundary of the scaffold and the bone.

1.3.2 The effect of porosity In-vitro vs In-vivo

One unified statement fronthe literature is that the ideal pore size for bone tissue engineering is
different for invitro systems and hvivo systems. Results observed irvitio the lab are often not
replicated when using aim-vivo animal model and vieeersa. Bone ingrowth into pores is superior in
larger pores irvivo and better in smaller pores-iritro. In invivo studies pores around 1@6n tend

to cause cells to become chondrocyte like before osteogenesis, potentialyta the hypoxic
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environment[93]. Pores less than 5@m in invivo studies tend to form fibrous tissy87]. This is
potentially due to the lower availability of oxygen within the body. Withiwiino cultures abnormally
high levels of oxygen are present which increases the diffusion rate into smaller porostkiin e
body this would not occur. It is perhaps by this limitation that creates such differences between in

vivo and invitro experiments on pore size.

1.3.3 Interconnecting porosity and cell migration

Cells have beenbservedto migrate through pore sizefar smaller than the cell diameter and to
extend processes through even smaller gaps. Differences are found between different cell types and
some cells can pass through smaller gaps wheouttoired with another cell type. The size of the
interconnectiors also play an important role in nutrient and @iffusion and therefoe have an
influence on hypoxia and diffusion ran@8]. Saunders et al. found smooth muscle cells were able to
pass through pores ofj2n in diamete99]. Kim et al. found thdeeder cells (MEF and STO fibroblasts)
were able to migrate through membranequ& in diameter (1.6% cell migration) and far more easily
through 8um pores (9.3% cell migration) but the cells did not pass througim pores[100]. For all

the pores sizes trialled, cell body extrusions such as lamella were found to be able to cross the
membrane and although these were neoprominent in 3 um or above they were still present in 1 um
pores allowing interaction between the feeder layer and thenan embryonic sterells the other

side of the membran§l0(Q.
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hES cells

Feeder cells

Figurel.3. SEM image of hES cells separated from feeder cells by a porous membra@die size

is 3 um with cell processes from the hES cells observed interacting with the feeder layer by extending
through the membrane. (d) The pores in the membrane for this image are 1 pm in diameter and cell
processes are observed within the channBlsprinted with penission from John Wiley and Sons,
journal: Stem cellgLOQ] . Copyright 2007.

In research more related to bonei et al. found that human umbilical cord derived MSC could pass
through a 3um gap in a membrane but could not pass through a 400 nn{4@}). When comparing
different pore sizes with MSC migration Peyton et al. fotimat more cellstraversethrough the
smaller 12 pmmembranegap than the larger 17 um g&b02] suggesting that a larger pore size does

not always allow for better cell passagehis is also interesting as the group pointed out that 17 pum is
the same diameter as the cell whereas 12 um was smaller than the cell meaning that cells passed

through pores preferentially where they had to restructure themselves to fit through.

In a recent studyAkino et. al found that MSC cells were influenced bgwture with another specific
cell type (keloiederived fibroblasts) which enabled the MSC to migrate more efficiently throygh 8
pores than with normal dermal fibroblagts03]. Here they also found that MSC sellere able to pass
through 3 um sized pores when cultured with the keloid derived fibrobfd€i9]. Other groups have
found similar results on cell migration with epithelial c¢ll84] and neutrophilg105]. This suggests
that excretorymechanisms, potentially injury related mechanismwanchange the behaviour of cells

to allow them to respond in ways not possible under normal circumstances.
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1.3.4 The effect of porosity o n mechanical and degradation properties
Porosity in a material reduces the mechanical strength of the bulk material; but not the mechanical
properties of which the cells are exposed to when in contact with the nmalteXs porosity is increased
a reductionin mechanical propertiess observed77]. This often places a limit to the extent that a
material can include porosity before it becomes too weak to use in the desired application. Metal
foams tend to be the material mostbke to include high levels of porosity while still maintaining

suitable mechanical properties for load bearing application.

Increasing the porosity of a material, especially if that pore structure is interconnected, vastly
increased the surface area on iwh surface degradation can occur. This may limit a materials use or
may be designed in to speed up the degradation of polymers with longer degradation times. The higher
amount of degradation may also result in the production of a greater quantity of datjoa products.

For polymers,such agolycaprolactongPCl this results in a highly acidic 4pyoduct which can be

very damaging to bone and bone cells. This acidigrbgluct is released over a much longer time scale
with PCL than with polymers suchpsyglycolide(PGA and PLA for wich the acidic build up occurs

more rapidly, with less time to dissipate, resulting in a more acid local environment.

1.3.5 Porous patrticles

As described in secticdh?2 particles are an excellent way to locally deliver cell therapies however the
porosity needs discussed abovare equally necessary for microparticles. Porous partedesable to

allow cells to bind to both the interior and exterior of the part[@@é 106]. Cells on the inside or in
surface depressions are better able to resist shear foft63]. Porows cells also provide a higher
surface area for cells to grow on, and allow for increased perfusion through particles if the porosity is

interconnected.

1.4 Manufacturingmethods forparticlesused in tissue engineering
Non-porous and porous particles iha order of 10 to 100Qm, have been manufactured via numerous

methods reported in the literature. Neporous particles are generally easier to manufacture than
their porous counterparts, as a secondary system are often required to produce the porosiiy wit
the particles. Any method of forming particles should ideally allow control over the size, shape, surface
characterisation and porosity (if anylaving precise control over particle shape and properties is
essential in maximising its functionality warious tissue engineering applications. There are many
methods by which particles can be formed such as emulsion polymerisgt@8), precipitation
polymerisation, spray drying109-111], hot melt encapsulation[112-115, gelation [116-119,
grinding/milling[120-122] and electrosprayin§l23, 124]. Porous particles can formed via supercritical
CQ [125127], thermally induced phase separatiofi28], freeze thaw cycleqd129, solvent
evaporation[130], particle leaching131] and polyner high internal phase emulsio(HIPE/double
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emulsion formulationg1327]. A selection othe techniques frequently used to manufacture particles
is described in tablé.2 and the more relevant techniques for the thesis are described in more detail

below.
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1.4.1 Established particle manufacturing techniques

Tablel.2. Table of the more commaenanufacturing methods for producing particles.

Technique Description Refs
Potential the simplest method of producing particles of a polyr [120-122]
is to grind the material. Increased grinding will decrease the si:

the particles produced altbugh a polydisperse size distribution w

always be present.

The polymer is dissolved in supercritical.@Dhigh pressure an( [125-127)

Grinding/milling

Sup(érgltlcal then the solution is rapidly decompressed allowing nucleatior
the polymer, forming microparticles.
A polymer is dissolved insalvent and then this mixture is added [130]
a solution in which the solvent in insoluble. Within teadution,the
Solvent polymer forms into spherical droplets. The solvent is left

evaporate which leaves behind solid particles of the polymer.

technique tend to form a distribution of particles sizes but tl
parameters can be tuned to create a reasonably narrow distribu

of sizes.

A standard example of gelation is gelatine being exposed to cal [116-11§]
ions and solidifying into a solid structure from a viscous liquid.

Gelation system is fien used to encapsulate cells within hydrogels. Th
encapsulated cells can then be used for-pimting or for hiding
OSfta FNRBY || 02R&8Qa AYYdzyS a

Polymer is extruded across a heat source, such as heated extr [110, 111,
tip, into a fast flow of hot air and the particle is formed as 1 137
polymer cools. The high temperatures involved can damage

bioactive molecules included in the polym86- 88

Eledrospraying is very similar to electrospinning but produt [123 124
particles instead of fibres. Particle size can be altered by altering 129
Electrospraying solvent system used, voltage charge, extrusion rate, poly
concentration or environmental parameters such as temperat

and humidity. 106101

Hot melt is often used to coat another substance, such as dr [112-115]
with a polymer coating. The size of the particles formed car

evaporation

Spray drying

A easily altered from 1 to 1000m in diameter by altering processir
parameters.
Additive A popular technology in recent years that allows the constructio [133-135

objects from computer generated structures. This is discusse
greater detail below.
Fluidic channels can be used to turn particle production, whic [136-139
Flow usually a batch process, into a continuous process. Liquid
lithography polymer passes tiough the channel whilst a light source cures 1
polymer as it passes. This is discussed later in the chapter.
This is @atch manufacturing process whergalydimethylsiloxane [139
Micromoulding (PDM$mould is created which contains shaped holes-jpolymer
techniques solution is poured into this mould and then cured. Particles are t
ejected from the mould which can be used again.
Emulsions are a combination of two immiscible solutions, with [108, 132
of the phases forming particles within the other phase. Water ir
(w/o) or oil in water (o/w) emulsions can be utdws to form solid
particles. A polymer high internal phase emulsion is an exce
example of an advanced emulsion system and this is discuss
detail later in the chapter.

manufacturing

Emulsion

30



Chapterl: Literature review and Introduction

1.4.2 Additive manufacturing

Additive manufacturindhas great potential inissue engineering due to its unprecedented ability to
construct 3D scaffolds with almosbsolute freedom and control over microfeatures. One of the
additive manufacturing techniques used to produce particles is projection based stereolithography,
this technique incorporates a dynamic masldigital micremirror device (DMD) is an array ofmors

which can be programmed to reflect a specific image, with each mirror acting as a pixel of that image
(figure 1.4) The DMD allows the projection of a pattern of light onto a surfd&s]. This can be
focused down to produce micrescale feature$134]. A DMD is often used to build 3D structures, with

a new layer being added after the previoagér has been cure[d35. A DMD can easily make any

2D shape, but requires time to produce 3D objects. The DMD is significant in that it can mass produce
particles of any shape and is even able to produce different shapes on the fly during manufacture,

which can ensure a high degree of mixing between different particle types.

(filtered) light

collimation optics

to light dump

bright pixel
dark pixel

\. \
‘\ projection
optics
projection plane/
substrate

Figure 14. DMD setup showing micranirror array projecting light towards either thelsstrate or the
light dump depending on the angle of the mirrors on the DR&printed with permission froRoyal
Society of Chemistrjournal:Analytical Method$14(Q . Copyright 2007.

1.4.3 Microfluidic enabled rapid lithography particle manufacture

Fluidic channels can be used to turn particle production, which is usually a batch process, into a
continuous process. Liquid pgolymer passes through the channel whilst a light source cures the
polymer as it passgd.36-139]. These channels are often foeth from polydimethylsiloxane (PDMS),

a siliconebased organic polymer, and the standard for microfluidics. This material has an advantage
for photocurable chemistry because it forms a competitive oxygen layer a few microns thick from its
surface, which preents free radical polymerisatigi36], thus preventing polymer from curing onto

it. There are many variations of this technique reportethmliterature [141]. Such as a single channel,

which is paterned with selective curing from a Digital Micromirror Device (DMB}-144].
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The main microfluidic technique usedthre literature, to produce particles via laser based system,
is a process called continuous flow lithography. A similar but more advanced technique is called stop
flow lithography (figure 1.5) In continuous flowlithography,the monomer is constantly flowing
through a channel in a microfluidamd photocuring takes place within the monomer flow. In stop flow
lithography,the velocity of the monomer is controlled, allowing the monomer flow to be halted so
that photocuring can be applied to a nélowing area. After photocuring the monomer flow then
resumed, allowing formed particles to be carried away from the curing site by the flow. Stop flow
lithography requires an advanced level of control of the systems pressure, either via a pump or by
microfluidic switches. The disadvantage to this wificridic method is that new layers cannot be easily
added to existing particles, rendering all particles produced 21503, 142]. The only control over
particle height is by varying the height of the microfluidic chafib@$]. There have been several clever

solutions to this problenfil38, 145], but none which offer complete control over the 3D shape.

Both 1PP (photon polymerisation) afavo photon polymerisatiorf2PP can be adapted for a fast
throughput by stop flow lithograph§l36, 146]. This involes the continuous stop and start flow of a
LIK2320dzNF 6t S YSRAdzYXZ O2yGNREffSR I NRPdzyR GKS LJ2f &
of small structures. Recent developments include trapping cells within the photocured resin. PDMS is
used as thahroughput chamber due to its polymerisation inhibition properties at its surfd@s,

146].The same limitations apply as with the majority of 2PP processes. Limited patterning distance to

the focal volume, slow patterning speeds dodgtime scales for producing macro obje¢isif].

A common research question directed towards stereolithography applications is their suitability for
mass production. Stop flow lithography is a viable method for this propteoducing large quantities

of particles with micro resolution. System outputs of 100 particles/second have been reph&éld

There is also an ever increasing requirement to produce micro particles with increasing resolution and
chemical propertied136]. Increased resolution allows greater customisability of the scaffold and

allows the control of cells from smaller length scales (such as nano feature
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Flowing Polymerized
PDMS layer monomer objects PDMS device Glass slide

Y. ooz Oxygen inhibition fayer
b4
I iﬁ PDMS device

Y

\ PDMS layer

(i) Insert transparency mask with desired particle shape in field-stop slider
(il) Flow monomer + initiator solution through microchannel
(iii) Polymerize using shuttered UV light from microscope objective

Transparency mask (iv) The particles polymerize quickly and advect through the unpolymerized monomer
(field-stop plane) 1 " T

Figurel.5. Shaped microparticles formed using a UV radiation source and a photomask in a PDMS
channel containing flowing monomer. Reprinted with permission from Macmillan Publishers Ltd:
Nature Material§136]. Copyright 2006.

1.4.4 Micromoulding techniques

This is a batch manufacturimgocess where a PDMS mould is created which contains shaped holes.
Prepolymer solution is poured into this mould and then cured. Particles are then ejected from the
mould which can be used agdit39. PDMS can reproduce nanometre sized features so this method
can reproduce fine details. This can be combined with a flow technique as when monomer is flowed
in; the channel expands allowing monomer through, once kbw Etops the channel contracts forcing

the mould down into the channéfigure 1.5)

1.4.5 Emulsion

Emulsions are a combination of two immiscible solutions, with one of the phases forming particles
within the other phasdfigure 1.6) This can be done & stirred tank, which is described below, but
also as a microfluidic device. These microfluidic systems can be fabricated to allow-fi@ypner to

be encapsulated in an insoluble ph4$87, 147-149. Water in oil (w/0) or oil in water (o/w) emulsions
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can be utilised to form solid particles. A polymer high internal phase emulsion is an excellent example

of an advanced emulsion system and this is discusseétil later in the next section.

Water-in-Oil

Figurel.6. Diagram of both a watein-oil emulsion and an eih-water emulsion. Discrete droplets of
one phase are present in another continuous phase, withatarfaBmolecules surrounding the droplets.
These molecules have a hydrophilic and hydrophobic section and allow the formation on an emulsion.

34



Chapterl: Literature review and Introduction
1.5 Emulsion templating
The process of emulsion templating preserves the internal structure of an emulsion wheearted
to a solid material. An emulsion is a solution of two immiscible liquids, such as an oil and a water phase,
where one phase encapsulates (continuous) the other as droplets (dispersed praasaemulsion,
a HIPEs in a semstable state, with ame reverting to distinct and separate phases rapidly and others,
such as mayonnaise, remain in the emulsion state for prolonged periods of time. The stability of an
emulsion is dictated by the interfacial energy of the system. A system attempts to sentimé
interfacial energy by reducing the surface area between the two phases. The ultimate reduction in
surface area is a complete separation of the emulsion into two distinct phases. This is the end state for
all emulsions, unless they are fixed by eranstemplating, with the only difference being the time
required to return to that state. A reduction in surface area is also achieved by having larger droplets
and therefore the formation of smaller droplets requires energy to be put into the systengréaeer
the energy placed into the system the small the droplets can become as the total surface area between
the phases increases. The emulsions stability is therefore dependent on the titae ligsist the

destabilisation of the emulsion.

Thesold portionof a polyHIPE is formed from the monomer phase surrounding the droplet, which can
be polymerised to leave behind a solid shell from which the water phase can be drained. A high internal
phase emulsion (HIPE) is an emulsion of water and oil vdaisibe formed with up to 99% porosity
[150] but must contain at least 74% water. When the water content is greater than 74%, water droplets
start deforming to allow higher porosif{5]] (figure 1.7) The droplets are all distinct from each other

at this stage with a thin layer of the continuous phase surrounding each drépteilsion templating
involves retaiing the internal structure of an emulsion during the solidification process to form a solid
structure. This is done by substituting a monomer as one of the phases and then curing the monomer.
When combined with an initiator, the polyHIPE can be used asable material, forming structures
which may include a high level of interconnected porosity. During the curing stage, some combinations
of polymers and initiators allow the formation on interconnecting voids between the larger pores. This

allows the easyirainage of the droplet phase from the material in post processing.
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Figure1.7. Emulsion template of the gmlymer system -Ethyl Hexyl Acrylate/lsobornyl acrylate
formed from an emulsion via photocuring with 80% water content. As the polymer is fnonec
HIPE emulsion the pores are interconnected with the neighbouring pores.

1.5.1 Photocurable polyHIPE : what is it made of?

Severadifferent initiators exist for curing a polymer, such as a thermal initiator and a photoinitiator.
polyHIPEs formed fro these two classes are very similar in structure and in components used to
manufacture them with a few noticeable exceptions, such as level of interconnectivity. Photoinitiators
were used in the thesis so will be highlighted in the literature review.fdl@ving components are
commonly used to formulate a polyHIPE. There are exceptions to those listed below but most polyHIPE

material contain the following.

Surfactant
A surfactant is formed from two regions, one hydrophobic and one hydrophilic and ta@irfonction

is to stabilise an emulsion. The surfactant is dissolved into the continuous pfE3end resides on

the interface between the two phases and allows the formation of a boundary between the two
phases. A weknown example of this is household soap, which allows the emulsification of fat droplets
inside water. When surfactant is added to the monomer it lowers the interfacial tension of the droplets
[153 and also increases the likelihood thfe formation of interconnected porosity150. While
generally the more surfactant added to a system the more stable it becomes, it is possible to add too
much surfactant which causes the safisemble of micelles. Micefleare where the surfactant self
assembles into a sphere witll the hydrophilic or hydrophobic tails arranged inwards to minimise
surface energy and thus effectively removing surfactant from the system. The most common

surfactant is Span 054 although many others exist along with natural surface active materials such
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as gelatine and starch. The additionao$urfactant decreases the surface tension and viscosity of the
monomer solution. This causes thinner wall formation between the pores within the scaffold which
increases the interconnecting pore size of the polyHIPE. The surfactant does not undergaraygsch
during the curing stage and can thusly be removed from the polyHIPE to remove any toxic effect this
may have on cells. It can be difficult to ensure all surfactant has been removed from the polyHIPE

during the post processing step although techniglies Soxhlet extraction are widely usgkb5).

Crosslinker
The degree of crosslinking affects both the mechanical properties and therefore the cell response to

the material. The crosslinker increases the number of branched connections withinotieey.
Increasing the stiffness of a material is possible by increasing the crosslinker concentration within the
monomer solution. Stiffness is well known to have a significant effect on cell differentj2tiph56]

and high stiffness materials may cause stress shielding in bone, reducing bone mass and density in
surrounding area$l157, 158]. Being able to alter the stiffness of a material is highly desirable. It is
worth noting that the stiffness of a material mabe different at scales of magnitude. The materials
stiffness on the microscopic scale to which cells experience can be different to bulk stiffness which is

influenced by other factors such as porogit$9].

Polymerisation
PolyHIPE materials can be formed by free radical polymerisation (thermal and-ipit@ttors), click

chemistry[16(], atom transfer radical polymerisatidi61], ringopening metathesis polymerisation
[162 163 and polycondensation164]. An interesting rout for producing polyHIPEs is photocuring
due to the flexible method of deployment possible by optical instruments along with a very rapid curing
speed. The rapid nature of the photocuring process allows for a greater variety of emulsions talbe use
that would have been unstable over the time required for thermal curing to occur. However, the
thickness of an entity formed by photocuring is limited by the ability of the lighpdanetrate a
material. This places a limit on the curing of largéktstructures that would be possible with thermal
curing. A workaround exists in additive manufacturing where a larger object is built with the gradual
addition of material. This approach would allow an entity of any practical size to be formed that would

not be possible if curing a large volume of material at one.

The initiator can be situated in either the continuous phase or the droplet phase and this has a
significant effect on the resulting interconnecting porosity. With the initiator in the contisyzhase
the polyHIPE has an increased likelihood of containing open pores as the curing of the material is
uniform, allowing shrinkage to occur which produces the interconnections. When the initiator is in the
droplets the curing of the polymer occurs inity at the boundaries of the discontinuous phase and
then cures inwards. This inhibits the formation of open porosity as the material is unable to contract
uniformly to produce the interconnections between pores.
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Monomer
A monomer or a combination of momers is used to form the bulk material of the polyHIPE. To form

a continuous polymer phase within an-oitwater emulsion the polymer must by hydrophobic. The
stronger the hydrophobicity the more stable the emulsion will be. This can be a problem for
biocompatible polymers as cell attachment is superior on hydrophilic surfaces-\@alter emulsions

can be formed with hydrophilic polymers but the droplet phdlken has to be an oil. This greatly
increases the post processing time and expense of forming &oktafHydrophobic surfaces can be
treated with coatings such as plasma deposited acrylic acid or collagen to increase the cell absorption
efficiency although this again adds time and expense to the scaffold forming procesgolyoer
system allows fothe combination of material properties to overcome a shortfall of a particular
material. The popular materials styrene is often used and produce very effective polyHIPEs although

they are not biodegradable and are not desirable materials for tissue engngescaffolds.

1.5.2 Biodegradable polymers

Popularbiodegradablepolymers are difficult to form intgolyHIPE$ecause of the lower level of
hydrophobicity of the polymers. PCL polyHIPEs have been formed by combining the PCL material with
a secondary matgal with very hydrophobic properties. These polyHIPEs are successful however, the
second polymer is often not degradable so the polymers cannot fully degrade when implanted.
Polymer such as PCL and PLGA produce acighimbycts when these materials desggte which can

adversely affect the surrounding biology.

1.5.3 Porosity in polyHIPEs
Increasing the volume of porosity in the polyHIPE can be controlled by changing the volume of water
(discontinuous phase) added to the continuous phase. Increasing thsipoobthe material increases

the mass diffusion of nutrients and oxygen but reduces the bulk stiffness of the scaffold.

1.5.4 Interconnectivity in polyHIPEs

There is some debate on the cause of the formation of interconnections between the poresuttya st

by Cameron et.al. where the transition of pores from the liquid to solid state were imaged, they stated
that the contraction of the monomer transitioning to a polymer caused the interconnec{i/gy.

Other groups argue that it is mechanical action, most likely in-postessing, which opens the thin
polymer walls between the pores having observed the opening of pores during Soxhlet wiibthg

It is unlikely to singularly be due to this second method as polyHIPE has been imaged before-any post
processing has occurred still contains interconnected pores but it may be that bdthitpies can

contribute to the interconnectivity.
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1.5.5 Destabilising mechanisms
Many methods of destabilisation mechanisms exist which cause different effects on the emulsion over
time (table 1.3 & figure 1.8)They are not mutually exclusive and mang oacur in parallel. The main
effect by whichmanyemulsions eventually collapse is coalescence. This is where the films between
droplets become so thin that the adjacent droplets merge together into a larger droplet. Increasing

the concentration of the gtiactant in the system can increase the time scale over which this occurs.

Tablel.3. Table of the different destabilisation mechanisms which can affect emulsions over time.

Technique Description Refs
Ostwald Ostwald ripening results in the inase of the droplet siz¢ [167-169]
ripening distribution with smaller droplets losing volume to larger drople

This results in a droplet population of many large and many °
small droplets. Over sufficient time this process will lead to
complete collapse of the emutsi. The minimisation of interfacie
tension is the driver for this phenomenon as surface area is redi
as an outcome of the larger droplet formation.

Flocculation Droplets may converge and clump together in an emulsion, lea [167, 170]
an uneven distribution of droplets throughout the emulsion ir
process known as flocculation. This is caused by van der \
attraction between the droplets and can be revedsby adding
shear force the solution, although this will not prevent flocculat
from reoccurring.

Creaming/ A density difference between the twohpses of an emulsion wi [171, 172
Sedimentation lead to either creaming or sedimentation. The greater 1
difference in densities the faster this will occur and the higher
viscosity of a solution the slower this will occur. If the droplets
denser than the surrounding otinuous phase sedimentatio
occurs and the droplets will sink and congregate near the bottot
the emulsion. If the droplets are less dense they rise to the surf
in this occurrence the effect is called creaming.
Phase A dramatic detbilisation event can occur whereby the dropleta [173]
inversion the continuous phase invert and swap roles within the emulsiol
source of great frustration when developing new emulsions, th
called phase inversion. During the phaseersion,a period of time
exists where both emulsions exist simultaneously. The prot
occurs by the drive towards minimal surface energy. This effect
be capitalised on and induced as an easy method to encapsula
or water and has many applications in the food, cosmetics
pharmaceutical industries
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Phase inversion

Ostwald ripening

Creaming

Sedimentation

StandardEmulsion

Flocculation

¥

Phase separation

Figurel.8. Diagram showing the different destabilisation mechanisms described in theltable

1.5.6 Pickering HIPE s

Concerns exist about the inglion of certain surfactants into a polymer designated fosvivo use.
Toxicity may arise from the surface when it leaches out of the polymer or when it is released by the
degradation of the scaffold. Processing techniques exist to remove these but adid@aldcost and

time to the material preparation. Biocompatible surfactants do exist and methods to produce HIPEs
without surfactants have been developétl74]. Of great interest for surfactadess emulsions are
Pickering HIPEs. These Pickering HIPEs are stabilised by peaticies wich become situated at the
interface between the two phases, acting as a surfacfaig]. This often results in a thicker wall

diameter between the porosity and prodes polyHIPEs without interconnected porogity’6, 177].
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More recently some groups have overcome this disadvantage and have produced larger
interconnecting pore4159. The addition of a nanparticlesto stabilise the emulsiorffers the
potential to includebioactive materials such as nahgdroxyapatite which can hawasteoconductive

effects once implanteil 78, 179.

1.5.7 PolyHIPE microspheres

PolyHIPE microspheres can be formed through the formation of a double em(figime 1.9) This is

a multiphasic emulsion system whereby droplets of one phase, containing droplets of another phase,
are dispersed in a continuous phdd&0]. Alternatively posed, a double emulsion is hierarchicag, it

an emulsion of an emulsion resulting in one emulsion being surrounded the same phase as the
encapsulated initial phase. It is commonly referred to as a water in oil in water emulsion (w/o/w) and
a counterpart oil in water in oil emulsion (o/w/o) can@lse formed. Most techniques are currently

two step processes, first creating the emulsion and then producing the double emulsion.

A few routes are devised to produce medisperse microparticles, membrane emulsification and
microfluidics. Membrane emulgation allows improved control of microsphere production to
decrease the spread of microsphere diameter, allowing a more monodisperse populatiqri {1%

size variation)181]. A membrane is formed with uniform holes and the HIPE solution is passed through
this membrane and then solidified82. Gokmen et al. used microfluidics to produce particles of
polyHIPH183]. This technique encapsulated the primary emulsion in a continuous stréamwater

and then photecured the particles. Using this method, they also produced cylindrically shaped
particles by curing lines of the material in the tubifi@3]. Direct write or curing into a stream of
flowing HIPE is also possible as Denduttual. demanstrated with their microfluidic for making plugs
YR RAA&1Aa 2dzi 27F [I37W! + aSyaAiriluAagsS LkRfe&YSND
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Emulsion Double emulsion

Surfactant molecule

Hydrophilic

Hydrophobic

Figurel.9. (a) Standar@mulsionwith a water phase surrounded by oil with surfactant molecules along
the interface. (b) Double emulsiavith the emulsion from (a) surrounded by a @ad phase with
surfactant molecules along the interface. This forms a droplet of an emulsion. (c) Many of the droplets
of emulsion within a continuous phase resulting ooableemulsion.
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1.6 Applications of polyHIPEmlymer particles and porous micpieres in

tissue engineering
Cosgriff et.al. have developed an injectable polyHIPE system which cgiswithin the body[184].

This offersa major structural benefibver using microspheres as immediately after curing the material
has long range mechanical properties and stability. Akay et. al found that polstéifiids containing
100um poresresulted in faster osteoblast migratidthan when compared to scaffolds with pores of

40 or 60um [185). The pore size of the scaffold did not affect the total migration distance ef th
osteoblasts into the scaffolds (1.4 mm) which must be limited by another independent process such
as hypoxia. Busby et al. used formed polyHIPE structures containing PCL, which they had to combine
with another material (styrene, methacrylate or toluerte)allow the reduction in viscosity necessary

for the PCL to be formed into an emulsifk86. The group showed that the paHIPE allowed the
attachment of human fibroblasts but acknowledged their own lack of data on whether any of the cells
had penetrated into the porosity. Nedegradable polyHIPEs formed from styrene and coated with
laminin were shown to support neuronal telp to 7 days and were superior to the plastic control
[187]. In other reports it is found that elongated pores proved superior to spherical pores foomedur

cell culture[89].

Moglia et al. produced porous polyHIPE microspheres thro@gmicrofluidic method made from
ethylene glycol dimethacrylate into which they add&dne morphogenetic protein MP-2) into the
continuous phas¢l188]. After testing for BMR2 they found a loading efficiency of 73%. BRIB a
biomalecule which stimulates bone growth. There was no work with cells included in the paper to
show the effect of the BMR from their microspheres, however the effect of B¥RFs well studied.
Non-porous but highly roughened PCL/THF (tetrahydrofuran) micergshwere formed by Want et

al. and were assembled into large aggregate structures via the crystallisation of thRe8BICL

Bone marrow MSC cells were shown to be supportedtarshow superior osteogenic effects when
compared to a salt leached scaffold alternative. PLGA microspheres formed by a single water in oll
emulsion, with pores of 3.4 to 5.1 um formed by the evaporation of the solvent, were reported on by
Zhang et. a[130]. The group adapted the microspherestiwa further surface coating of type 1
collagen anctould support Ovaian cancer cells in culture over 7 days. Several successful polyHIPEs
have been formed from various thiol materials which are degrad&b&®, 190, 191], but the

degradation products are not necessarily bioresorbable.
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1.7 Mesenchymadtem cells and theiifferentiation

1.7.1 The differentiation process

Huang et al. divided the process of osteogenic differentiation into 3 stages in terms of the growth
factors and ECM depositions involvgEiB2]. During the first stage (dayscl4) there is increased
proliferation of the MSC cells. The second stage (days4) is one of early differentiation, anked by
elevatedAlkaline phosphatas@\LB activity and the early deposition of type 1 collagen. VEGF and IGF
1 are also upregulated during these early stages. The third stage (dgy88)4s marked by a fall in

the ALP activity and a high expressidnosteopontin and osteocalcin. The beginning of the bone

mineral deposition also begins at this stage with calcium, collagen and phosphates being secreted.
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1.7.2 The role of cells in natural bone

The role of bone cells within bone (table 1.4) and tissngineering (table 1.5) are discussed.

Tablel.4. Table for the role of the major cells found in bone tissue.

Cell

MSC

Osteoblast

Osteocyte

Osteoclast

Lining cells

Chondrocytes

Role in bone
MSC cells are sgblerpetuating multipotent stem cells whictan differentiate into
severaldifferent cell types. Direct differentiation into osteoblasts, chondrocyt
adipocytes and adipocytes is possible and have been widely documentiw i
literature [193,194]. The morphology of a MSC cell is a small cell body with a few
and thin cell processes extending from the cell body.
Osteaoblasts are paof the cycle of remodelling bone. These cells produce ECM
enable the mineralisation and growth of bone. Active in groups of cells they proc
crosslinked collagen and hydroxyapatite. Osteoblasts produce bone in respol
damage through trauma, ¢moclast activity andcanincrease bone mass when tr
bone is under load by producing more bone than the osteoclasts resorb. Ostes
activity can be inhibited to allow for osteoclasts to remove more bone tha
produced. This can be in resporisdack of loading on the bone or if the bone is be
reduced to increase the amount of calcium available to the body.
Osteocytes are the most common cell type within bone and are responsibl
maintaining the bone and responding to damamyestress. Bone without osteocyte
has been shown to be weaker than normal bdi®5. Osteocytes are terminall
differentiated osteoblasts which become embedded in the bone matrix, after w
they exhibit a morphological change and alter their genetipression[196]. The
formation of an osteocytes has long been considered a passive process of
covered by bone matrikl97]. More recent advances have begun to shdwattthis is
an active process whereby the osteoblast is triggered to burry itself inside the
matrix. Osteocyte morphology is similar to a star like pattern (stellate) with n
dendritic processes extending from the cell body and connecting to otttepoytes.
The force applied to bone is thought to be sensed by the cell dendrites which st
from canaliculi from osteocyte to osteocyte in a process known
mechanotransductiofil95, 197]. There is some debate on whether osteocytes res
bone in a similar fashion to osteoclasts for dynamic calcium release and mea
this is reportedly very difficulf198]. Osteoblasts have been shown to be able
migrate through porous networ485]. A more detailed description is highlighted
'y SEOStfSyild NBGASSs 2F 2aiGS2080GS519%
Osteoclast cells resorb bone and are differentiated from the haematopoietic line
They secrete specialised lytic enzymesd acid to degrade bone matiik99.
Lining cells are ostdédast cells which have flattened onto the surface of
remodelling bone. They are connected to one another by gap junctions and ser
processes into the bones canaliculi. They are thought to be either don
osteoblasts which will be ractivated wih the right chemical signals or dorma
precursor osteoblasts and a source of osteoblast prolifergtd®gj.
Chondrocyte can be found within cartilage and produce mainly collagen
proteoglycan ECM. Chondrocytes can survive in highly avascular cartilage a
slow in proliferating in response to trauma when under these conditic
Chondrocytes are formed by MSC cetisasing themselves in collagen ECM whic
time becomes the lacunae where the cell resides. Chondrocytes can be fot
cartilage growthplatesin adolescent bones. During human growth they underg
process of endochondral ossification to help transfdhm surrounding tissue intc
bone[201]].
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1.7.3 The role of cells in tissue engineering and in -vitro testing of scaffolds

Tablel.5. Table of the cells used in tissue engineering and cell lines used for testing scaffolds.

Cell type Role in Tissue engineering amesting in-vitro

Particular attention has been paid to MSCs from adults for regener:
technologies, due to their pluripotend94]. MSC cells can be obtained frc
many sources such &mne marrow, adipose tissue, dental pulp, placenta ¢
blood [202]. Problems exist with using MSC cealtsit is difficult to observe
where they migrate to once implanted and it is acknowledged that gel:
percentage die immediately on implantatioRlowever, MSCs are one of tt
sole cell sources, which can be extracted from a patient, that can be us
produce large numbers of osteoblast or osteoclast cells.

Osteoblasts cells are naturallyomproliferative once differentiated from ¢
precursor cell line. Cancerous osteoblast cell lines such as MG63s are L
test scaffolds irvitro and lay down matrix but these cannot be used fovivp

cell loading203.

Osteocytesare by nature nofproliferative and adapted to survive mild
hypoxic conditions. Proliferative osteocyte cell lines exist for testing scaf
but these are not a cell line that it is possible to easily extract from a patie
use in tissue engineerirjg04, 205|.

Human embryonic stem cells (hES cells) were first reliably grown in cultt
1998[20€]. They have since started a new field of reseavith their ability to

expand without any apparent limit in vitro. These cells have raised hopes
they could be a source of human cells for tissue engineering applications, \
autologous cells were unavailable. Human embryonic stem-deeived
meserchymal progenitors (hEMP) are derived from HES cells by selecting
rapidly proliferating cells which proliferated in feeder free culture, over m
passageg207]. These ck have the advantages of perpetual growth whi
removing some of the disadvantages associated with hES[26fs Much
progress has been made in differentiating hES catisnmultiple cell type$208-

213 but the risk remains of transplanting undifferentiated hES cells in
patient.

hESMP cells are differentiated dm hES cells and retain their stemness ¢
can be continuously differentiated in this state. The cell line has a restr
lineage however, differentiation is limited to forming bone, cartilage, i
adipose tissues. This narrower section allows greatgseddency on the
resultant cell type, which makes their differentiation easier to predict
control. This is of great importance for use in tissue engineering. A main fe
of hESMPs is that they cannot revert back into hES d@i¥]. hES cells ca
cause tumours to form when implanted into rdt207]; Karlssoret al. found

that a similar injectia of hESVIP cells did not appear to cause a teratoma ¢
instead formed a homogeneous and well differentiated tissue.

MSC

Osteoblast

Osteocyte

hES cells

hESMP cells

1.7.4 Supplements used in culture of bone cells

The following supplements are routinely used in culture to stimulate osteoblasticatitfation[214].

i-3f @ OSNR IGR)Ris uskdlad § phdsphate donor to enable mineralisatimhhas an
additional direct effect on cell differentiation by influencing intracellular signalling. The presence of
2 dz&G@P into culture media is still reported to produce mineralised ECM but when combined with
Dexamethasone (DEX) the cells are able to producenalised deposit§214]. Ascorlate increases

the volume and maturation of collagen deposited. The collageryced theninfluencesthe cell
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signalling causing increased alkaline phosphatase (ALP) activity. DEX is used in MSC systems to

stimulate the differentiation of osteoblast cells.

1.7.5 The effect of hypoxia on cells

Hypoxia is an area of low oxygen contcation. Within the tissues of the body the level of oxygen is
already very low, although this does depend on the specific tissue. Some cells are optimised to function
in hypoxic conditions, like avascular tissues such as cartilage. The effect of hypaebs is often
dramatic. Many genes are switched on or off and the cell begins to release specific chemicals into the
surrounding area that are designed to encourage vascularisation. Evidence is conflicted on whether
hypoxia induces or inhibits osteoBlaformation with Hiraget.al concluding from low (5%)Qulture
conditions that osteoblasts and osteocytes differentiated preferentially in higher (20 £) O
environments [215]. However, Utting et aldocumented that hypoxianhibited the growth of
osteoblasts in their studig16]. Reports that hypoxia increases the recruitment and differentiation

of osteoclasts is well establishg2il7, 218].

1.7.6 Cell co-culture impact on differentiation

MSC cells have been found to become differentiated into osteoblasts, or upregulate osteoblast
markers, when in the presence of either osteoblasts and osteocytes cells, even instecalof
osteogenic medi$219-221]. It is not known if there is any contact between osteoblasts and MSC cells
within the body but this effect has been showmoccur through culture in collected conditioned media
[220]. Birmingham et affound that osteocytes appeared to have a stronger osteogenic effect when
co-cultured with MSC cells, although-calture with osteoblasts also induced differentiation over a
longer time frame. The group also found a synergistic relationship when both dagt®band
osteoclasts were cultured with MSC c¢li$9. However, there are somentrasting reports that only

osteocytes can induce osteogenesis in MSC cells and not ostedB2ata23).
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1.8 Vascularisation of tissue engineered constructs
Despite appearances bone is a highly vascularised tissue with a high density of blood vessels passing

through the entire structure. Bone also plays an essential role in blood component formationhevith t
bone marrow residing inside bone responsible for the formation of platelets and red blood cells. The
ability of a scaffold used for bone tissue engineering can be used to determine the likely success of
scaffold for bone regrowtli224-227]. A poorly vascularised area will prevent cells within the scaffold
from acquiring nutrients and oxygen which will lead to cell dg22f]. However, even with rapid blood
vessel formation the time required for the blood vesselpametratethe scaffold itself often leaves

the cells without oxygen for too long, resulting in scaffotll death. This places a limit on the potential
thickness of scaffold currently used to that of the maximum blood vessel growth oveetha cells

can survive for. The absence of nutrients and oxygen can have a subtler influence on the cbgstruct
causing noruniform differentiation of cells or causing cells to differentiate into unplanned cell types
[228]. Any cell death within the scaffold will release the contents of the cell into the local area which
has a deletenus effect on the surrounding cells. The inflammatory response of the body when it
encounters a wound site increases the vascularisation of the pfga This response can lead to

negative consequences if the reaction isesev

1.8.1 Necessity for vasculature in tissue engineering

The main tissue engineering solutions whitgen usedtlinically, are for tissues such as cartilage and

skin patches grown #aitro [229]. These tissues are either thin or avascular in nature where the supply

of blood is not critical or can be easily vascularised. Some researchers argue that the largest problem
facing tissue engineers that of ensuring a suitable blood supply for an implanted tig2ad]. The
vessels within the body are usually no more than a few hungiradapart with the diffusion limit of

oxygen in tissue calculated to be around 200

Larger tissues require the formation of rapid vascularisation when implanted irbalklg or risk
becoming necrotic. Many strategies have been proposed for tissue engineering of large functional
tissues and these will be discussed in the tahlg Before beginning it is important to define two
concepts clearly, angiogenesis and vascuteges (figure 1.10) Angiogenesis is the sprouting of
capillaries from existing vasculatuf230, 231] whereas vasculogenesis is the spontaneous assembly

of blood vessels where none existed bef(282].
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Figurel.10. In vasculogenesis vessels spontanedosity from endothelial progenitors. Angiogenesis

is the sprouting of vessels from existing vasculature. When vasculogecmsisangiogenesis follows

and causes the formation of a mature and organised vasculature network. Adapted, with permission
from Nature Publishing Group, journal: Naty283]. Copyright 2005.

1.8.2 Current strategies in vascularisation
The methodologies described beldtable 1.6) describe the current approaches to vascularisation of
a scaffold. These techniques are not always mutually exclusidensany can be combined for

enhanced effectiveness.
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Tablel.6. Table for different methods of vascularising tissue engineering constructs and scaffolds.

Technique Description Rek
Scaffolds can be implanted into a seconeé sih a patient to allow [234, 235
for ingrowth of vasculature into the scaffold. This can then
removed and implanted into the desired site where it can
connect with the existing vasculature. This allows for
implantation of a fully vascularised and functadrscaffold. There
are some problems with this technique as it requires 3 sepa
surgeries, two more than a standard implantation. One surgel
required to implant the scaffold into a secondary site and a sec
to then remove it and finally a third tamplant into the actual
defect/desired site.
Chemical and biomolecuidecan be included onto or into th [236]
scaffold via a variety of techniques that can speed up
Growth factor vascularisation or angiogenic response. These molecules ce
and cytokine included within the scaffold if it is designed to degrade and rele
inclusion the molecules. They can be lnd to the surface or simpl
contained within a porous structure to give rapid release ug
implantation. Biomolecules such as VEGF are the most popul:
engineering a vascular response.
Adding specific cells such as endothelial cells and smooth m [225
cells which form vasculature in the body cadloa the formation of
Cell based vessels irvitro for pre-implanting. Often a bioreactor is required
vascularisation produce flow that allows the vessels to form. When this techni
in-vitro is successful it meets some of the shortfalls associated witiivin
pre-vascularisation althougthe vasculature formed ivo is often
far superior due to the larger number of cells available
biomolecules at the artificial wound site.
Decellularised tissue preserves the structure of the vasculature [236, 237]
allows human cells to rmhabit the existing vasculature for rap
vasculature formation. Both animal and cadaver tissues can be
however, there is an issweith reproducibility and the evepresent
Biologcally  risk of disease transmission. Further problems exist get
derived endothelial cells to fully revascularise the tissue as capillaries
scaffolds often so narrow it is difficult to get new cells to travel down the
vessels to@populate them. However, even if only the larger vess
are formed it is then much easier to grow new capillaries
angiogenesis than it would be to grow the complete vasculatur
vasculogenesis or to encourage surrounding vessels to grow
the scdfold.
Taking inspiration from biological structures but removing [23§]
unpredictable nature and disease risk it is possible to asseml
computer design scaffold via additive manufacturing. 1
technique can produce vasculature templates such as char
throughout the structure which would then allow nutrients to ent
the scaffold and allow endothelial cells to form vessels. It is pos
to use dual headed printers to print both the scaffold and cell:
the same time. Additive manufacturing can be a very ti
consuming and low yield process but this field is rapidiyaacing
and hold great promise.

In-vivo pre-
vascularisation

Synthetically
designed
scaffolds
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1.8.3 Methods for testing vascularisation
To ensure that a scaffold can provoke an angiogenic response a variety of tes(sablest.7) Tests
for the study of vascularisation can be split intevitro and invivo testing strategies. Using these
before implanting a scaffold allows for a greater probability of success and allows the engineer to

redesign or test additional variable that would not be possible in arva study.

Studying the stages of angiogenesis tladlow tests to be designed which measure various stages of
the procesqg23(]. The first step is that endothelial cells break through the basement membrane to
leave their standard location within the existing blood vessels. The endothelial cells then begin to
migrate along a cheotactic gradient towards the stimulus of the angiogenic progress. The endothelial
cells then begin to proliferate rapidly to ensure adequate numbers are available for the new vessels to
form. The final step is for the endothelial cells tocamganise themslves into tubular structures to

form blood vessels. With an understanding of these steps it is possible test whether a scaffold can

stimulate any of these behaviours.

51



Chapterl: Literature review and Introduction

Tablel.7. Table for the most common methods for testing the angiogenic potentiadazféold.

Technique Description Refs
The first technigue uses the knowledge of the increased proliferation o [239
endothelial cells during natural vessel formation by testing for this elev:

En(_jothe.llal proliferation rate. In omparisons with controls it can be observed whett
proliferation : . .
(in-vitro) endothelial cells proliferate and to what extent. One problem with t

technique is what source of endothelial cells to use as different

populations can react very differently.

Cell migration assays demonstrate the ability of a scaffolgprmduce [240]

angiogenic factors which encourage the migration of endothelial ¢

Cell migration Scaffolds are separated from the endothelial cells by a filter and
(in-vitro) endothelial cellcanmigrate through the filter. This allows analysis of 1

filter to analysethe distance of cells, although this can be a very ti

consuming method to analyse.

Tube formation of the endothelial cells can also be measimaditro. The [240]

fo\r/rizfi?)ln cells can be combined with a collagen clot material such as Matrigel v
(in-vitro) emulates the 3D nature of an-rivo model. Measurement of spontaneoi
vessel formation can then be rasured.

Svnthetic A novel method for investigating angiogenesis iagisin artificial network [241]
e);fusable construct of endothelial lined electrospun fibres formed over roboc
pvascular sacrificial material. Ortega et al. developed a synthetic perfusable vas
network (in- network which showed vessel like organisations of endothelial cells o
vitro) days. Te scaffold being tested for angiogenesis can be added to the ¢

in between the artificial vasculature and vessel formation can be meas

growing out of the artificial vessels towards the scaffolds.

Organ culture assays are as closathieving the complexity of an-vivo [242]

systemijn-vitro, as it is currently possible to do. The most popular techni

it to remove and segment the aortic ring from a rat and then meas

outgrowth and abundance of vessel like growths from this explanatds/

the scaffold. However, the process of angiogenesis usually occu

microvasculature, whereas this technique uses an aorta which there

does not simulate the kvivo situation as accurately.

Chorioallantoic A chorioallantoic membrane fB/) assay involves implanting the scaffc [243
membrane  under the shell and on the CAM of an embryonic chicken. 244
(CAM) assay Vvascularisation response of the CAM after several days is analysel

(In-vivo) discuss this technique in greater detail below.
Corneal angiogenesis assays are conducted by implanting the scaffol [240]
a pocket on a living rat or rabbit cornea. An advaptethat as the scaffoli

Organ culture
assays
(in-vitro)

Corneal is placed on the eye of the animal where it is possible to view
angiogenesis development of the vascular response by imaging the eye of the an
assays The procedure to implant the scaffold requires considerable skill and
(In-vivo) limits the numbe of animals which can be prepared at any one time for

assay. A further complication arises as it is very difficult to avoid

inflammatory response resulting from the implant.

The scaffold is combined with matrigel and implanted into [245

subcutaneously. The scaffahdatrigel complex is removed from the anim
Matrigel plug after 7 to 21 dgs and the measure of vascularisation is analysed. The
assay (invivo) required for the surgery is less than that required for the cornea assay

however difficult to observe the process of vascularisation and reqt

animal subjects.
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A CAM involves implanting the scaffold under the shell and on the CAM of an embryonic ¢icken
1.11) The CAM is analogous to the placenta found in mammals and is heavily vascularised. The shell is
opered and the scaffold is inserted onto the membrane and the shell is then resealed to prevent
infection. The egg is then allowed to develop over 7 days before the shelbbpered and the extent

of vascularisation can be measured.

The CAM technique is paofar asit relatively cheap cosind it is possible to conduatultiple tests on

one CAMInaddition,the facile method of storage in an egg incubator allows a high number of sample
testing possible. However, the technique is one which uses a chickenoaschdt use a mammalian
species which does not make it ideal for testing. Aovo technique of the CAM assay has been
adapted whereby the embryo is removed from the shell and kept inside a petrjatiéh This allows

the monitoring of the vascularisation response over time on the same samples and makes it easier to
run several samples on one scaffold. While this has the appearance cof/drvitest it is still utilising

an entire animal and should be classified asivo.

Implanted scaffold

Chorioallantoic membrane
Amniotic cavity

Albumin

_ Yolk sac
Chicken embryo

Figurel.11. Diagram of the implanted scaffold on an chorioallantoic membrane within a chicken egg.
This is used as aniivo assay to determine the angiogenic properties of a scaffold.

53



Chapterl: Literature review and Introduction

1.9 Findings fronliterature review
Currently used filler materialdo not allow complete remodelling of a wound within the bonebést,

they allow minimal infiltration of the surrounding material and integration at the interfacial area
between the bone and the implant. A tissue engineering solution could provide aisupeatment
alternative to existing methods. Current tissue engineering solutions are usually monolithic scaffolds
which require open surgery to implant. To circumvent this injectable scaffolds have been developed
to obviate the need for surgery. Thegsgectable scaffolds are a promising method to minimally
invasively fill bones but the majority of these do not include cells, instead relying on cell infiltration
from the surrounding wound bed. Injectable scaffolds loaded with cells require a rapidtformud
vasculature to provide the scaffolds internal area with fresh nutrients and oxygen. lihéisis, it is
proposed that a porous polyHIPE material which can be manufactured as microparticles suitable for

cell loading and injection delivery has stgppotential to meet these challenges.
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1.10 Main aim:

1. Produce an injectable cell carrying microparticles system using bone as a model.

Specific aims:
1. Choosea fabrication system that will allow the best compromise between particle production
speed and tk ability to include customisable micfeatures.
2. Testthe biocompatibility of the materials used for the microparticles and elucidate the cell
behaviours over long term culture
3. Produce a biodegradable system of microparticles and compare biocompatiariity
osteogenic potential to the nodegradable system.
4. Measurethe injection potential of the microparticles aty assessing if thgyotect cells from
the shear forces involved with injection.
5. Determine the microparticles angiogenic effect using varioulture conditions in an ivo
CAM assay.
The overall aim of the Phasto produce an injectable particle system which can be used for non
load bearing tissue applications such as a bone filler materialw@btested up to the stage where it
would beready for an in-vivo study. Injectable tissue engineering solutions obviate the need for open
surgery which will reduce the risk of infectiomeducesrisk of complications and increase recovery
time to minimise hospital stay. Voids within bone leadneréased fracture risk and unless treated are
likely to fill with fibrous tissue which will greatly reduce the ability of the bone tissue to regrow.
Introducing a tissue engineering solution MSCcells supported on microparticlescaffold should
encouragehe regeneration of boneThis would support regeneratiat the point of contact between
bone and scaffold anthroughoutthe cellladen scaffolds. This tissue engineered solution could be far
more successful than traditional bone packing material duth&inclusion of cells and porosityo
determine the functionality of the proposed micropatrticle system various tests need to be undertaken

such as the biocompatibility, osteogenic effect and ability to vascularise.

In Chapterl the existing lieraturewill be exploredaround the research area. In Chapt8ia variety of
particle manufacturing methodsre investigatedand speed of productioris comparedagainst
complexity and customisation of the particles produced. In chagtére flexibility ofthe technique
chosen in chapteb is evaluatedterms of its ability to alter the microsphere size and porosity.
chapter 6 the biocompatibility and osteogenic potential of the microspharedestedusing an MSC
like cell line. During thishapter,it is also foundhat the microspheres agglomerate together and that
cells willpenetratethe porosity and grow throughout the microsphere. These aspects are examined
closely anavaluation of whickdifferentiated cell typesre present within the struatre. In chapte6
several biodegradable materialare trialled to determine if the agglomeration, ingrowth and
biocompatibility occur in this new system. For chaplaan invivo CAM assay is used to determine
angiogenic potential of the microspherasd both the degradable and nedegradable systemare

compared this wayFinally, in chapte8 the projectis discussedn terms of themain milestonesand
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initial aims ofproject. Included in the appendix is an additional chapter which contains results from
early experimentation on microspheres seeded with neuronal cells for a potential injectable neuro

tissue engineering application.
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Chapter2: Materials and methods
2.1 Light based photocuring of monome8tereolithography

2.1.1 Laser based photocuring o f monomers using a d igital micromirror device

When combined with a lassource a digital micrirror device(DMD)allows the specific photocuring

of monomers into a predesigned spatial pattern designated by the computer softhd@®D contains
micromirrors which reflect incoming light either towards a photocurable monomer or a light block
depending on their anglePolymer particles were manufactured using this princiglecontinuous
wave 473 nm laser (150 mW output power, MBL) was set uptithensand atdistancesshown in
Figure2.1.All lenses were purchased from Thorlabs (Germany) unless otherwise Stateahitial two

lens setup caused expansiandthen stabilisation of the beanff180 mm NBK7 PlandConvex Lens

20 mm and 30 mm focal lengttespectively) beforereflecting off the DMD (Texas Instruments
Incorporated, TX, USAThe beam was focuséldrougha secondens(@180 mm NBK7 PlandgConvex
Lens, 30 mm focal lengthd stabilisethe beam expansion of the DMD. This laser image was then
reflected by a mirroBroadband Dielectric Mirrorfowards the monomer bath. A black and white
imagejpeg image crei@d usingMicrosoft paint is uploaded to the DA by its proprietary software

(Vortran Laser Technology Inc, Sacramento, CA, td®Apw fa pattern projection.

Concave lens
130mm m Lddmm Blue laser

Light from
> MIrrors in

Convex lens

DMD

off ‘position
Optical grads mirror

7 0mm

LS0mm

Sampla

Figure2.1. Schematic of DMD setup used to make the microparticles

2.1.2 Preparing a monomer solution of p olyethylene glycol for photocuring

Photocurable polyethylene glycol (PEG) was prepared by mixing PEG monomer (MW=258, sigma
Aldrich) with 4wt%photoinitiator 1:1 blend of Diphenyl(2,4;8imethylbenzoyl)phosphineoxide and
2-hydroxy2-methylpropiophenone. The photocurable monomer was then kept in a ppobtective

container(glass vial, 20 ml, wrapped in silver foil (Tesco,.UK))
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2.1.3 Image design and production for software controlling  digital micro mirrors
Images for the DMD were designed either in Autodesk inventor or Microsoft paint depending on the
accuracy requirements. Images were formed in absolute black and white vaildestd 024 x 768

resolution before uploading to the DMD.

2.1.4 Direct laser write of a photocurable monomer using s ingle photon curing

Single photon (to differentiate from-@ghoton) initiators requires the energy of a single photon to begin
polymerisation.This technique allows the laser to move over a monomer bath causing polymerisation
directly underits path. A passively @witched DPSS microchip lag@ulselas B55-300), with a sub
nanosecond pulse duration and a variable repetition rate was usddamtoutput wavelength set at

355 nm with a 0.5 ns pulse width and maximum power of 12 mW, 16.6 kHz repetition rate (Alphalas,
Gottingen, Germany) was expanded and stabilised before being passed througlCarll@eiss 1.3A
microscope objective onto a motised stage. The motorised sta@®NT136XY (Aerotech, UK) for xy
translation &z translatiofPRO115 (Aerotech, UkKduld move in the x, y and z directions and was
programmable using @Gode (A3200 SoftwarBased Machine Controlled (Aerotech, WK well vas

made on a glass slide, which controlled the depth of the structure, and the photocurable PEG was
added to the well. The stage was thprogrammedto write a line 25 mm long in the x direction. The

size of the y direction changed depending on requirerseartd was between 3Qfm and 2 mm.

2.1.5 Photo-polymerisation of computer designed objects using  2-photon manufacture

2-photon initiators require the simultaneous energy of two photons to begin polymerisation, this
allows the creation of a voxel within¢hpolymer. A 3D computer designed objédta the computer-
aided designCAD software Autodesk Mayayvas photocured within a monomer bath using this
technique.A well was formed out of tape, with the centre (1 9memoved, and applied onto a glass
slide.0.5 ml of PEGd was added to the well. A passivewi@hed DPSS microchip laser, Pulselas P
355300, with 0.5 mW pulse duration and a variable repetition rate was used with an output
wavelength set at 1064 nm and maximum power of 12 mW, 16.6 kHz nepetiate (Alphalas,
Gottingen, Germany) was set at | = 2.05 and expanded up to fill the aperture of an x20 microscope
objective(ECGPlan NEOFLUAR 10x, Carl Zeiss L}dIJ9iKg the SCA software and STL file is imported
and sliced with the following settgsslice DZ (0.009 mmjoin distance (0.001 mm) and fill spacing
(0.001 mm).
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2.2 Microfluidiodevicemanufacture andnicrosphere manufacture using said
microfluidicdevice

2.2.1 Manufacture of a microfluidic device for fluid encapsulation

Microfluidicdevices allow the manipulation of small volumes of liquid under highly laminar flow. These
devices were manufactured to allow the fabrication of microparticles via encapsulation of one liquid
within another.Lines photocured from PEG were formed usingghme set up as i@.1.4 using the
design in figur@.2. Lines were cured on a standard glass microscope slide and washed in isopropanol
immediatelyafter removal from the laser setup to removed uncuradnomer. Polydimethylsiloxane
(PDM$ (Syyard 184) wa prepared using a ratio of 10:1 of base to initiator, and the resulting mixture
was stirred and then degassed in a vacuum for 15 minutes. The silanising agent trideeafluoro
1h,1h,2h,2ktetrahydrooctyl trichlorosilane was added to the surface by vacuumodiion. The
PDMS was then poured on the slide in a container, which controlled the total thickness to 14 mm. The

PDMS was cured at 60°C for 3 hours and then removed from the container.

A 1 mm biopsy punch was used to create the input/output channelsPDMS was bound to a glass
slide by both surfaces being exposed to oxygen in a plasma rig at 50 W for 2 minutes, and then both
surfaces being pressed together. Flexible silicon tubes (1.5 mm external 0.5 mm internal) were inserted

into the channels.

Figue 2.2. Schematic for microfluidic chip layout
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2.2.2 Encapsulation of oil in water using the microfluidic device
Fluid encapsulation through microfluidics allows the manipulation of one liquid to surround another.
Within the highly laminar flow dfquid inmicrofluidics the two liquids can be miscible as a boundary
is maintained between the two solutions as they will only mix via diffuior syringg€50 ml)of dyed
water and another(20 ml syringepf mineral oil were prepared and plugged into the mituafic
device. The oil went through the central channels and the water from the two intersecting channels.
A syringe pumpGenie-plus) was set at 5 ml/min for the water and 5 ml/hr for the oil phase. An optical

microscope was used to record the formatiom the encapsulated droplets.

For the manufacture dPEGnicrospheres anEHAIBOA polyHIPE microspheresme method as the
encapsulation abovis usedwith the photocurable polymer replacing the mineral oil pha&dJV lamp
(350 mW) was placed downstreamn the microfluidic chip to photocure the polymer. EHA/IBOA was

dispensed at a slower rate of 3ml/hr.

2.2.3 Iterations of microfluidic device to produce high yield continuous production with
minimal user input during operation

The final method of microspine production went through a few iterations until a continuous
manufacturing system was producedriginally a microfluidic chip and syringe system was used to for
the microspheregfigure 2.3) This was then simplified to gdnction microfluidic and theequirement

of a microfluidic chip was removed. Using syringes for the water flow required repeated halting of the
system to add more water, due to the much higher flow rate (ml/min) of water when compared to the
flow rate of the monomer (ml/hr). The filhiteration was a closed loop system that recycled the water
used but filtered out the microspheres. A curing chamber was included to allow extra curing time for

the microspheres which allowed the used of very high flow rates.
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Design 1 \\ UV light source
ponHIPE/v . I /

Microsphere outlet

/

Water\

Microfluidic chip

Design 2 -
UV light source

\\
Water _—Y l/
Microsphere outlet

polyHIPE / \

Design 3

Filter to collect microspheres

Water container
Peristaltic pump

polyHIPE

Curing chamber

Figure2.3. The 3 main itations of design for microsphere manufacturing. (a) Microfluidic chip device
used for encapsulation with syringes. (b) Simplified design usjngcfion microfluidic design
principles. (c) Continuous flow-junction setup not requiring operator interagti during
manufacturing process.
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2.3 Polymerising photocurable emulsions into microspheres and thin films

2.3.1 Water in oil (EHA/IBOA copolymer ) mixing to form a high internal phase emulsion
All'the chemicals were purchased from Sigildrich (PooleDorset, UK) and used as supplied unless

otherwise stated.

A high internal phase emulsioiH{PEis an emulsion of two immiscible liquids with a high internal
phase percentage. If the encapsulating phase is formed from a photocurable monomer, therPthis HlI
can then be polymerised into a solid and highly porous structure. TheAdi®grepared by mixing the
monomers isobornyl acrylate (IBOA, 3.66 g) aed®Ihexyl acrylate (EHA, 1.56 g) with the crosslinker
trimethylolpropane triacrylate (TMPTA, 1.41uping an overhead stirrer. The surfactant Hypermer
B246 (0.21 g, Croda) was added and the solution mixed until it was dissolved. The photoinitiator
diphenyl(2,4,érimethylbenzoyl)phosphine oxidefBydroxy-2-methylpropiophenone blend (0.35 ml)

was added bfore the addition of the water.

As the external phase is a photocurable polymer it is possible to cure the HIPE into a highly porous
structure and to drain the internal water phase to leave open vdidsprepare a polyHIPE with 80%
porosity, 28 ml of deinised water was added over 5 minutes in a dwige fashion into a 100 ml
capacity beaker whilst the solution was stirred at a stir speed in between 300 and 1260 rpm using an
overhead stirrer KA Lab EggAfter complete addition of the water, the emulsiavas left to stir for a
further 5 minutes. The specific stir speed used to investigate resulting porosity at different stirring
rates were 320, 540, 765, 870 and 1260 rpm at room temperature. The emulsion was stored in an
amber glass vial (Supelco) anetdswithin 6 hours of preparation. The emulsion remained stable for

48 hours although literature states that the pore size changes over time due to Ostwald ripening. To
investigate the effect of heat on porosity the waters temperature was kept stable Hs 4nd 30°C

before addition to the monomer to form the HIPE at 320 rpm.

2.3.2 Reaction for polycaprolactone methacrylation to form a photocurable monomer

Commercial PCL was methacrylated within the lab to form a photocurable PCL monomer which could
be usedn forming polyHIPE structuredydroxyl terminated PCI3Q.0g, Sigma Aldrich) was dissolved

in a solutionof dichloromethane andrimethylamine 20 mland 17.4 g respectively) and cooled in an

ice bath to 2C. Methacrylic anhydrid¢28.29) was added tbpwise and the reaction was brought to
room temperature and left to react for 24 h. Tlegcesssolvent andunreacted reagentsvere then
removed under reduced pressure using a rotary evaporator andribhacrylated PClwas purified

by in isopropanol andrgcipitatingat -20 °C 3 times.
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2.3.3 Water in oil ( polycaprolactone ) mixing to form a high internal phase emulsion
Photocurable PCL monomer can be used to form the encapsulating phase of a HIPE to produce PCL
polyHIPE structures after photocuriribhiolene, TMPTA, PCL and the surfactant Hypermer B246 are
combined in a vessel at 40 °C until the surfactant has dissolved. Once returned to room temperature
the photoinitiator, chloroform and toluene are added. Water is added in a dropwise fashion over 5
minutes with the solution stirred at 350 rpm. A more detailed description is given in Dr. Colin
{KSNDP2NySQa G(G(KSara 0a¢KS RS@OSt2LIYSyd FyR OKIF NI
F2LYa F2NJ I RRAGAGS YIydzZFF OQlGdzNAYy3Aés {KSTFFASER !

2.3.4 Water in oil (Thiol -ene) mixing to form a high internal phase emulsion

Photocurablethiol-ene based monomer can be used to form the encapsulating phase of a HIPE to
produce thiol-ene based polyHIPE structures after photocuringrimethylolpropane tris(3-
mercaptoproponate) (2.33 g) is added to TMPTA (1.74 g) and the surfactant Hypermer B246 (0.23 g,
Croda). Theeactantsand then dissolved into 5.2 g diloroform and stirredFinally the photoinitiator
diphenyl(2,4,&rimethylbenzoyl)phosphine oxidefBydroxy-2-methyipropiophenone blend (0.1 g)

was added and the solution is protected from light by a foil covering. For 80% porosity 28 ml of
deionised water is added in a dropwise fashion with a magnetic stirrer bar rotating at 360 rpm over 2

minutes.

2.3.5 Photocuring HIPE into porous microspheres using the ¢ losed tank stir reactor method

The first main method employed within this thesis to form a double emulsion (water in oil in water) is
by that of closed tank stir reactor CT@Bure 24). The HIPE solution is septad by shear within a
container of water to form droplets of HIPE which can then be photocured, producing polyHIPE
microspheresA 100 ml capacity beaker (50 mm diameter, 70 mm height) containing deionised water
(40 ml) was set stirring at a defined ratsing an overhead stirrer (Lab Egg, IKA). HIPE (2 ml) was added
to the beaker in a drofwise fashion with continuous stirring. The resulting double emulsion (w/o/w)
was left to stir for 2 minutes. Stirring was subsequently stopped and the microspherescurec

immediately using the UV output of a mercury lamp (Omnicure S1000, 100 Watt) for 60 seconds.

When the effect of water temperature wasvestigated the temperature was set at points between

5 and 60°C whilst maintaining a stirring rate of 320 rphe Water temperature was controlled using

a thermostatically controlled water bath (Stuart hotplate CD162, Stuart equipment) or an ice bath as
appropriate. Constant temperature was maintained for 5 minutes before addition of the room
temperature HIPE. Fathe investigation of how stir rate effects the resulting microsphere size
distribution different stirring rates were investigated. The stirring rates used were 320, 540, 765, 870,
1260 and 1500 rpm. After photocuring with UV light the microspheres werevenh by filtration,

washed in water 3 times for 15 minutes and then storedtimnol
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Stir bar

Distilled
water

_HIPE
particle

Figure2.4. Diagram of experimental seip used to produce polyHIPE microspheres via the double
emulsion technique. Photocurable HIPE is added to a stirred solutich dikperse into spherical
droplets which are then photocured by UV light into polyHIPE microspheres.

2.3.6 Photocuring HIPE into porous microspheres using T -junction microfluidics

The second method employed within this thesis to form a double emulgiate( in oil in water) is by

that of Tjunction microfluidicgfigure 25). The HIPE solution is injected into a continuously flowing
stream of water which buds off the HIPE droplets as they leave the needle entry point. The droplets
are then photocured, pducing polyHIPE microspherd=or the Function device, a small internal
diameter (0.1% 0.51 mm, Nordson EFD) dispensing tip was used to inject the photocurable HIPE into
a 6 mm diameter silicone tube (Advanced Fluid Solutions) through which a ommirfiow of
deionised water was driven via a peristaltic pump (Masterflex L/S tubing pumpP@lorer). The
resulting droplets were immediately cured by the UV emission of a mercury lamp (Omnicure S1000)
which was directed via a liquiilled light guide(Figure2.4). The water flow rate was controlled by
altering the rotation rate of the peristaltic pump. The flow rate of the HIPE was controlled via a syringe
pump (GeniePlus, Kent Scientifithe system was allowed to run for 30 minutes to stabilisethad
microspheres were collected continuous stream of microspheres were produced, which were then

collected in a 40 pum sieve (40 um cell strainer, BD Falcon).

To investigatemanufacturing condition®n resulting microsphere size 3 parameters were altere
Monomer flow rate, water flow rate and dispensing tip internal diameter size all influence microsphere
size. The effect of monomer flow was investigated by keeping other settings constant whilst being
altered to 1, 3, 5 ml/hr. The effect of water flomas investigated by keeping other settings constant
and altered from 100 rpm to 600 rpm in 100 rpm increments. The combined effect of these two
settings was investigated by using 3 different monomer flow rates (1, 3, 5 ml/hr) at each water rpm
setting (80,160, 240 rpm)Finally the effect of the diameter of the dispensing tip was investigated by
changing the tip to 0.15, 0.25, 0.51 mm whilst keeping the other parameters constant at 3ml/hr HIPE
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flow and 200 rpm water flow. To produce the smallest microspbpossiblewe used a HIPE flow of

0.25 ml/hr, 600 rpm water flow rate and a 0.15 mm tip size.

Dispensing tip UV light source

Water pump

Uncured HIPE

Lo PolyHIPE microsphere
Flow direction

Figure25. Diagram of experimental setup used for microsphere production via the microfluidic
technique. Jjunction microfluidic setup introduces HIPE vidispensing tip which buds of once
attaining a certain size, exact size dependent on other properties such as flow rate and viscosity. HIPE
droplets are carried from the dispensing tip via continuously flowing water and are then cured via UV
light into polyHIPE microspheres.

2.3.7 Photocuring HIPE into thin films over glass coverslips

Thin and flat layers of polyHIPE material was used for initial cell culture work before progressing onto
culturing onmicrospheres A500pul of HIPE/monomewas added to a 16im glass coverslip and then

cured with a mercury lamp for 30 seconds. 80% porosity EHA/IBOA monomer blend was used as was
a 0% porosity (noporous) EHA/IBOA monomer. The lack of porosity was caused by not adding the

water phase to the monomer during giing.
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24 Imaging of rnictrosphers and analysi®of both microsphere and pore
diameter

2.4.1 Imaging of porous microspheres using o ptical microscopy

To understand how the manufacturing methods influenced the population of microsplitevess
necessary taapture images of the microspheres so that they could be measured using software.
PolyHIPE microspheres were imaged using a reflected light optical microscope (Miotic B5 professional
series) and measured in ImageJ using a calibrated scale from argstagenetre(imaging apparatus).
Microsphere diameter was measurersing the measure function on Imagadd excel s used to

calculate statistics (see 2.14).

2.4.2 Imaging of porous microspheres using s canning electron microscopy

To measure the porosity of thaicrospheres and to observe them at a higher magnification it was
necessary tdmagethem using a scanning electron microscope (SEBdnples were mounted on
aluminium stubs using adhesive carbon tabs and sputter coated with gold (SC500, emscopebwith a 1
mMA current for 2 minutes at 0.05 athmages were then acquired using&MPhilips/FEI XL30 ESEM)
operating with 15 eV electron beam energy. To determine pore size, microspheres were sectioned
using a cryostat (Leica CM1860 UV) toué® sections in T&ue Freezing Medium (Leica) which was
allowed to evaporate for mounting and gold coating. Pore sizes were measured from the SEM images
using the inbuilt measurement feature of ImageJ software (NIH, USA), measuring all the pores in four

fields of view foreach condition.

2.4.3 Methods used to measure microsphere diameter s

Microspheres were imaged under an inverted light microscope and a jpeg saved of the viewed
microspheres. A stagaicrometrewas used at the same magnification to set the scale latenageJ

More than 3 images (for each measure80 microspheres) were taken of each condition in a

population.

2.4.4 Methods used to measure microsphere internal pore size

Pore sizes were measured from the SEM images using the inbuilt measurement featoragef |

software (NIH, USA). The scale was set according to the burnt in data bat With 3 &aLQ &
functionality. A line was then drawn across each pore andithayeJ¥ dzy OG A2y WY S| a dzNB

The resulting data table was then exported into excel @othier data analysis and comparison.
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2.4.5 Degradation study of polycaprolactone microspheres with standard and accelerated
degradation

A degradation study was required to determine whether the PCL microspheres would degrade and
over what time scalela the accelerated degradation study 0.2 g of microspheres were added to a
glass container and weighed. 1 ml of either 0.1S@dium hydroxiddNaOH or dHO was added
depending on the sample. NaOH was used for accelerated degradation gdavaid used for standard
degradation Samples were also kept in air as a control. Samples were kept in a 37 °C dry incubator for
60 days. The solution was then removed and the samples allowed to dry. Samples were-then re

weighed to determine the material lost over the time period.

2.4.6 Manufacturing of solid polycaprolactone microspheres

Solid microspheres were produced in the same manner as the polyHIPE microdphesésout the

addition of the water during the HIPE stepolid microspheres were required for both the injection
study andfor the CAM assay study for use in comparison to standard porous microsphBodis.
microsphere populations were made via thejufiction microfluidic method (se€.1.3). The
photocurable solution used to produce the solid microspheres was formed usifgllihweing method.
Thioktene, TMPTA, PCL and the surfactant Hypermer B246 are combined in a vessel at 40 °C until the
surfactant has dissolved. Once returned to room temperature the photoinitiator, chloroform and
toluene are added. No water is added as vebbke used for a polyHIPE, the solid microspheres are

made up the identical chemical components.

67



Chapter 2: Materials and methods

25 Surface maodification through plasma coating

2.5.1 Plasma coating of polyacrylic acid

In preparation for cell culture, the surface chemistry of the pdBEImicrospheres was modified by
inductively coupled plasma polymerisation of acrylic acid. The process was conducted using a custom
made apparatus consisting of a cylindrical borosilicate glass chamber with stainless steel endplates
connected to vacuum pum(RV8, Edwards). Chamber pressure was detected by an active Pirani gauge
(APGL-NW25 Edwards) and manually controlled by a needle valve regulating the flow of monomer
vapour (Edwards LV10K). The flow of monomer vapour (acrylic acid) was established ttieug
chamber at 2.4 cifmin. The electromagnetic field was generated by a coil wrapped around the
chamber connected to a radiofrequency generator (Coaxial power systems limited). The power to the
coil was manually adjusted to 15 W and the polymerisatioourred under these conditions for 20
minutes. Microspheres were spread out evenly on aluminium foil within the chamber. After the power
to the coil was switched off, the monomer vapdlowed for a further 5 minutes before the flow was

halted. The chamlrewas then opened to the atmosphere and the microspheres were removed.

Previous studies have used plasma polymerisation to encourage cell ad[@&&ip248] to control cell
differentiation [249]. Plasma deposition allows the binding of chemical groups sugb@®Hgcrylic

acid) to surfacef25(]. Other methods of adding acrylic acid to HIPEs has been achieved by blending
acrylic acid into the aqueous pha§247]. The depsition of agCOOH group has been shown to

increase cell attachment and is also a useful substrate for further chemical/surface modifi{2d4ign.
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2.6 Generakell culturetechniques

2.6.1 Freezing cells for storage in liquid nitrogen

For long term cell storage cells were frozen watleryoprotectant and stored in liquid nitrogefihe
freezing solution was prepared by addiB@% Dimethyl sulfoxidgDMSQ to 80%foetal Calf serum
(FC% The cells were then centrifuged and counted using a haemocytometer andof freezing
solution was added for every 1 million cells. Ce#isanthen aliquoted into crywials which are inserted
into controled freezing devices (Mr. Frosty, Thermoscientifibich regulate the cooling temperature
change to-1°C a minute. The device was placed i#¥8@°C freezer for 12 hours before vials were

removed and placed in a liquid nitrogeewar.

2.6.2 Defrosting cells from liquid nitrogen for use in cell culture

When cells were required they were removed from the stores and thawed before being plated up for
passaging and then us€ells in cryevials wee removed from the liquid nitrogen store and defrosted

by a water battset at 37C. The vial was removed from the water as soon as the media had defrosted
to preserve cells. Cells were then transferred to-#&bTflask containing 1&1l of media and this wa
placed into the incubator. 24 hours later the media was removed from the flask and exchanged with

fresh media.

2.6.3 Supplement inclusion into m edia for the culture hES -MP cells

Human embryonic steraell derived mesenchymal progenitdiESMP) cells (@llartis, Sweden) are
an established cell line originally derived from human embryonic stem (hEShESMP cells were
maintained with! f LIKI a2 RA FA Ol (i A(RMEM2Lanza) supblerfefitéd wat® R@/mkzY
penicillinstreptomycin, 10% foetal cdf serum EBS, Labtech, UKInd l-glutamine at 2mM
concentration (Sigma Aldrich, UKIESMP cells were maintainedwith an additional supplement
during passagindgiuman basic fibroblast growth factorkGF) at 4 nM (Life technologi¢s)maintain
stemnessFurther supplements were added for specific media formulations as desdrilibd table

below.

Table 2.1. Table of media supplements for cell specific media

Media supplement
Media FCS/PenstrepiL Ascorbate?- uwiGlycerol | Dexamethasong hFGF
condition glutamine phosphate Phosphate
Growth 10%, 100 mg/ml, | = =-==---= | e | e 4 nM
2mM
Supplemented| 10%, 100 mg/ml, 50 pg/ml 5nM | e e
2mM
Osteogenic 10%, 100 mg/ml, 50 pg/ml 5nM 10nM | -—---
2mM
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2.6.4 hESMP culture and standard ma intenance between passages
hESMP were removed from crystorage at passage 3 and grown in Alpha MEM (AMEM, Lonza) media
supplemented with human fibroblast growth factor (hFGFY5Tflasks were preoated with 0.1%
gelatinesolution (porcine, type A) for Binutes prior to cell cultivation. Every 2 days, 80% of the cell

media was replaced and the cells were passage @very 7 days in a split 1:6.

2.6.5 Passagetechnique for hES-MP cell expansion

Cells were passaged to increase cell number, forMESells all work done with differentiation
analysis was conducted on passages less than 10 and for experiments measuring cell viability, passages
under 15 were always usetMedia was removed from the-715 flask and samples were rinsed once
with phosphate buffered solion (PB$ Trypsin(0.25% 2.5 ml)was added to the flask which was then
kept in incubator and checked regularly for cell detachment. Cells were persuaded to detach from the
flask with gentle taps to the side of the flask. Once cell detachment was confirmed via a light
microscope 10 ml of warmed media was added to the flask to block the trypsin from functioning. This
media was then added to a centrifuge tube and centrifuged at 1000 rpm for 5 minutes. Media was
then removed via motorised pipette to leave the cell pellet undiséd at the bottom of the tube. 3

ml of fresh media was then added and using a 1 ml Gilson pipette the medisesuspended to

disperse the cells.
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2.7 Qulture of hESMIP cells on microspheres

2.7.1 Microsphere sterilisation in alcohol before cell culture

To prevent microbial or fungal infection in the culture it was necessary to sterilise the microspheres
before beginning the cell culture experimenkéicrospheres weg sterilised by soaking in 7@8hanol

for 1 hour. Theethanolwas then removed anthe microspheres were then washed 3 times in,@iH

for 15 minutes and finally soakedAdpha Modification of Eagle's MediufAMEM) media for 1 hour.

2.7.2 The culture of hESMP cells on a thin film

Before working with microspherethe biocompatibility of the raterial was tested using a flat surface,
this increased the attachment of cells as theyuld land directly onto the materiahESMP cells
dispersed above the scaffold when seeding. 20,000 cells per(24elvell plate, Corninglas used.

Samples wee moved to a new well plate before any tests to prevent contamination with other cells.

2.7.3 Technigue used to seed hESMP cells onto microsphere

To grow the cells onto the microspheres a method was developed to ensure the greatest opportunity
for cellsto bind to the microspherehhESMP cells were detached from T75 flasks with trypsin, which
was then inactivated with AMEM media. Cells were centrifugetD@0 rpm for 5 minutes before the
media was replaced with fresh AMEM medi@0,000 ells were suspaded via gentle pipetting and
added to the0.2 g ofmicrospheras in media This celmicrosphere mix was placed on a cell rocker for
45 minutes at 12 oscillations per minute. Samples were then kept in the incubator for a further 2 hours
before microspheresvere removed anadded to a new T25 flaskhey were thervery gently rinsed

with PBS to remove unattached cells before addiagy media.

Media was replaced every2days by removing 80% of the media and replacing it with fresh media.
This prevented thdoss of microspheres associated with attempting to remove all the maddh

prevented any damaging forces experienced by the cells through suction.

2.7.4 hESMP culture on microspheres for a time course study of ingrowth

To understand the behaviowand nteraction of cellsand microspheresver time in culturea time
course study was conducteBlor thetime courseimaging, uniform microspheres were producexd
keep the diameter of microspheres constdfigure 26). Samples were taken at days 1, 4, 7, 13,

20, 25 and 30 fixed in 3.7% formaldehyde solution for 1 hour and then frozeptimal cutting
temperature compoundFisher)and stored at80°C. Samples were then sectioned and stained with
haematoxylin and eosin sta{Rl&B or imaged with a confocal microscopigistance of cefppenetration

was measured usintmageJand averaged over several microspheres for each condition. Separate

samples of microspherasere grown in AMEM #eta-glycerol phosphat¢ D)t AMEM +ascorbate
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2-phosphate A2P Y R | a 9 a AZPto def@tmindwhich supplements supported amligration

These microspheres were fixed and imaged as above at days 15 and 30.
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Figure2.6. Distribution of microsphere diamet used for the timeourseexperiment via microfluidic
T-junction.

2.7.5 Survival study: i njection of hESMP cells bound to microspheres from a syringe

To investigate if porosity in microspheres provided a beneficial effect in cell survival when ingected
injection study was conductedd monodisperse population of PCL microspheres with an average
diameter of 400 um were filtered to remove any microspheres with a diameter above 500 pm using a
fish tank plankton filter mesh. HEMP cells were cultured orhis microsphere population for 4 days

in growth media in a-¥5 culture flask. Each flask was split in half, with half going to a centrifuge tube
and the remaining half prepared for injection. Microspheres were drawn up slowly into a 20 ml syringe
before a510 um internal diameter microlance was fitted to the syringe. At a steady rate (2 ml/s) the
syringe contents were dispensed into a centrifuge tilyehand Both centrifuge tubes (injected and
control) were treated in the same manner for the rest of thegedure. The centrifuge tube was
centrifuged at 1000 rpm for 5 minutes and the media was removed and washed with PBS. A second
centrifuge, under the same conditions, and trypsin was added to the tube. Tubes were left for 5
minutes to allow all cells to beemoved from the scaffold. The suspension was removed from the
microspheres and centrifuged a final time. The trypsin was removed and the cells suspendegdlin 100
of media and 100 pl of trypan blue. The number of live to dead cells was measured cateilom

each sample. The number of live cells obtained from the injected microspheres was normalised against
the control microspheresa = 3 for each condition. 20,000 heS OSff a4 6SNB Of I 4as$s

were treated in an idential manner as thenicrospheres.
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2.8 Quantitative analysis oéll growth and differentiatioon microspheres

2.8.1 Cell activity measurements using the Resazurin salt assay

Cell growth was assessed by using an assay to measure cell metabolism at different time points to
observe any changes in overall cell energy use. The assay chosen to measure cell metabolism was a
resazurin salt assayhe risk of this assay is that fluorescence from one test may linger to the next to
give a false reading and that resazurin is toxic tésc@hd might damage theniResazurin salt was

made at 3.8ug/ml in cell culture medium (AMEMIndividual experiments differed and are described

in each chapter but the general method was as follows. Resazurin salt in media was added to each
contairer or well of cells and left to incubate for between 1 and 4 hours depending on the experiment
(but kept constant throughout one experiment). After the time had elap$led Resazurin salt was
removed from the cells, which were washed in PBS 3 times béfesh culture media is added. 200

pl of Resazurin salt was added to a 96 well plate in triplicate (3 wells per sample) and was read by a

fluorescent plate reader. Excitation was at 535 nm and emission measured at 615 nm.

2.8.2 Total sample DNA and Alkaline phosphatase production measurements

Alkaline phosphatase is an early indicator of MSC differentiation to osteslaladtcan be measured

using an enzymatic ALP detection test. As different quantities of cells would skew the ALP data, all data
is normalisd to the total DNA from a sampl&o obtain the activity of ALP in a sample the following
assay way used. Media was removed and samples washed 3 times with PBS. Cell digestion buffer was
made up using 10% TE buffer (M TrisHCL, InM ZnCJ, 1mM MgC}, in distilled water, (pH9)), 1%

triton X-100 and water. Samples were left at 4 °C for 12 hours in the cell digestion buffer. Samples
were broken in twausing scissorand put in a 1.5 ml microentrifuge tube. Samples placed-80 °C

for 10 minutes then&37 °C in a dry incubator for 15 minutes. This step was repeated 3 times. Samples
were vortexed for 15 seconds and then centrifuged for 5 minutes at 10,000 rpm. Alkaline Phosphatase
yellow liquid substrate for ELISA Kit (APYLS) was made up with 1mbAB¥htdH20 and one tablet

to make up 5 ml solution. 190 pl of APYLS was added to the well of a 96 well plate and 10 pl of cell
lysate was then added. On a plate reader 30 readings were made at one minute intervals measuring

absorbance at 405 nm.

Using tle same lysate, a pigoeen assay was used to determine DNA quantity within each sample.
PicoGreen solution was made up in,@Hwith picogreen (1:200) and TE buffer (TE buffer (10 mM Tris
HCI, ImM ethylenediaminetetraacetic aciEDTA, pH 7.5, 1:20). 180 ul of picogreen working solution
and 180 pl of cell lysate were added &dl.5 ml centrifuge tubeand wrapped in foil. Samples were
vortexed for 5 seconds and incubated at room temperature for 10 minutes. 100 ul was added to a well
in a black 96 well plate in triplicate for each samplee Well plate was read using a spectrofluorometer

using an excitation wavelength of 480 nm and reading the emission at 520 nm.
73



Chapter 2: Materials and methods

2.9 Cell cultured microsphere sampeeparation and sectioning

2.9.1 Fixing cells

When using fluorescence or SEM on biologica¥sLdt S&4s (KSeé OFly 68 WFAESRQ
NRodzaldySaa 2F G(GKS &l YL Sad ¢2 WFAEQ | &l YL S Gf
crosslinked.Microsphere samples were washed 3 times in PBS for 1 minute and fixed in 3.7%
formaldehyde solution for 50 minutes and then washed again with PBS thrice. The elongated time
period was to allow for the fixation agent to diffuse into the centre of the microspheres to ensure the
whole structure was fixed. Thin samples were treated as abavevere left in 3.7% formaldehyde for

15 minutes.

2.9.2 Cryostat microtome

For imaging thin slices of samples, they must be sectioned finely using a micrc@ameles were

frozen in tissue freezing medium (Leica) by dipping in liquid nitrogen. Sampleshee stored in a

80°C freezer for a minimum of 24 hours. Sections were obtained from a cryostat (Leica CM1860 UV) at
-24°C with &6, 10, 15 or 4Qum thickness. Samples were stained wilematoxylinand eosinH&B

or alizarin red and imaged under aptial microscope (B5 professional serigléotic). Microspheres

not seeded with cellevere embedded in wax and cut in 6 um slices with a microtome (Leica RM2145)

at room temperature.

2.9.3 Hexamethyldisilazane treatment of samples for imaging of cells usin g scanning
electron microscopy

For imaging samples using an SEM it must first be treated hagamethyldisilazanédHMDS$ to
remove any water from the sampléfter samples were sectioned and placed on 12 mm glass
coverslips PBS was used to remove theuisBeezing media. Samples were then treated with the
following solutions to dehydrate the sample for SEM. 15 minutes in each solution of 35%, 60%, 80%,
90% and 100% ethanol in distilled water. HMDS and ethanol (1:1 weight concentration) for one hour
then 100% HMDS for 5 minutes twice. THMDSs then removed and the samples allowed to-criy

for 1 hour. Samples were then gold coated and imaged with an SEM2dsan
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2.10 Fluorescent microscopy cell cultured microsphere samples

2.10.1 Cell wall permeabilization using detergent

Once a sample is fixed the cell wall must be permeabilised using a detergent if the target proteins for
staining at within a cell membrangéfter fixing the samples were soaked for 15 minutes in a solution

of PBS and 0.1%iton X-100 and then washed 3 times with PBS.

2.10.2 Staining of f-actin filaments using a phalloidin -fluorescein isothiocyanate stain

Imaging actin filaments provides detailed information on cell structure and complimentsnDbléy
stainingin 2.10.3 Phalloidin Fluorescein isothiocyanal€IT¢stains were made up at 1000:1 dilution

in PB&nd added to the samples in PBS for 1 hour at 4°C whilst covered. Samples were washed with
PBS to then stored in PBS and imaged within 48 hours. FITC is a gresstiihgpstain. FITZhalloidin

was excited using a 488 nm laser (4% transmission) and emission detected above 505 nm.

2.10.3 Staining of cell nuclei filaments using a 4',6-diamidino -2-phenylindole stain

Imaging DNA/nuclei is an effective way of observingrg cell within a sample and acts as control to
compare against cells stained with other markdfs-diamidino2-phenylindole(DAP) was added via

two methods depending on the experiment. 3Paffolds were immersed in 1000 dilution DAPI in

PBS for 2@ninutes before being rinsed three times. This was often in combination with other stains.
DAPI staining for sectioned samples was added via the ProLong antifade fixing mountant, of which one
drop was added and the coverslip was then mounted. DAPI israfstanuclear material and stains

both live and dead cells. DAPI was excited using a 760 nm laser (16% transmission) and emission
detected between 435 and 485 nm.

2.10.4 Confocal/fluorescent microscope set-up for imaging
Images of 1756x1756 and 1024x102%efs were obtained using a Zeiss LSM 510META upright
confocal microscopwith either a 10x objective (Achroplan 10x/0.3 W, Carl Zeiss Itd, UK), 20x objective

(20x/0.45 W, Car Zeiss Itd, UK) and a 40x objective (Achroplan 40x/0.75 W, Carl Zeiss Ltd, UK).

2.10.5 Imaging of Live & dead cells on a microsphere through staining

Live/dead imaging allows the fluorescent live imaging of whether a specific cell has membrane integrity
or not (which indicating cell deathMedia was removed from the samples and incigohfor 20
minutes with fresh media containing Ethidium homodirief1:1000) and Calcein AM (1:250) at 37 °C.
Following incubation samples had fresh media added once the media containing the dyes had been
removed. Samples were imaged using an upright Z&#84 510 confocal microscope with an argon ion
laser (488 nm) for Calcein AM (488 nm, 12% power and emission collected with a LP 505 filter) and a

heliumneon laser (543 nm, 31 % power, and emission collected using a LP 560 filter) for Ethidium
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homodimerl 6l p 0 C em¥ &7 mM). dmages taken at 1024 by 1024 pixels usingAshkbplan
10x/0.3 objective with a 1.6 ps pixel dwell time.

2.10.6 Imaging of mature collagen through Second Harmonic Generation imaging

Second harmonic generatidisHG)s a fluorescent imaging technique which allows the imaging of
mature collagen fibre within a biological samp&amples were cut at 40 um thickness from frozen
sections of day 30 microsphere cultures from the tilapse experiment. Sectioned samples from
microspheres cultured in growth media, supplemented media and osteogenic media. No previous
staining had been administered to samples before SHG worlO diths added to samples and a
coverslip was added (ensured that there were no bubbles). A drop of oil addegd tf coverslip for

use of an oil immersion lens (x40). Excited wiph®ton at 950 nm and accepted filter light at 469

480 nm (light where SHG/mature collagen should emit). In addition, two filters were set either side of
target wavelength to make se the light received in key filter region was not overspill from another
source such as autfuorescence (SHG light should only be in that narrow range). The other filters sets
used were at 44¢ 469 & 480¢ 501 nm. Images were taken at 512 by 512 pixels
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2.11 Stainingf cell cultured microsphere samples for optical microscopy

2.11.1 Haematoxylin and Eosin staining

Staining withHaematoxylin and Eos{i&E)allowsthe identification of cell nuclei, cell structure and

the presence of some ECMs samps were frozen hydrated samples did not need to undergo the
rehydration steps typically involved with histology. Slides were rinsed in water to remove remaining
cryostatoptimal cutting temperature compoun@©CJ medium for 1 minute. Slides were submerged

on a rack in haematoxylin for 60 secanbefore being placed in a container with a constant flow of
tap water and left until the flow ran clear. Slides were then submersed in Eosin for 5 minutes and then
dippedtwice inseparate tapwvater containers to remove excestain Samples werdippedin 70%
industrial methylated sipits (IMS), dippedin 95% IMS and left for 30 seconds submerged in 100% IMS
to dehydrate the sample. Samples was thigppedin two separate containers of xylene before being

removed for fixing.

2.11.2 Calcium staining using Alizarin red

The presence of celum deposits is eeliableindicator of osteoblast formation and can be detected
using an alizarin red staji251]. 1ml of 1mg/ml alizarin red in dH20O, adjusted to pH 4.1 by adding
ammonium hydroxidewas added to the sampfer 20 minutes The sample was washed with dH20
until all unstained dye wagmoved.Samplesvere then rehydrated as aboves@H&E) and then fixed.
Alizarin red is a stain for calcium/mineral deposits which in turn is a useful indicator of cell state as only

particular cells deposit minerals into their surrounding area.

2.11.3 Collagen staining using Sirius red

While there are more cell types that produce collagen than which deposit calcium it is an additional
indicator when detected with calcium of osteoblast differentiatié@rius red solution was made by
dissolving 1mg/ml o§irius red powder in saturated picric acianl ofSirius redsolutionwas added to

the samples on the slide via pipette and left 8 minutes before being rinsedntil the water rand

clear. Samples were then rehydrated as above (See H&E) and then Sixe. red is used to stain

collagen (red) and other connective tissues (yellow).

2.11.4 Polysaccharide staining using Toluidine Blue

The presence of polysaccharides within the sample and can indicate the formation of chondrocyte cells.
Toluidine blue stim (1g Toluidine blue [1%] and 0.5 g sodium borate [0.5 %] in 100 ml of distilled water)
is added to the samples using a pipette for 5 seconds. Samples are then rinsed very gently with tap

water until the water runs clear.
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2.11.5 Antibody staining for sclerostin using 3,3'-Diaminobenzidine staining for optical
microscopy imaging

Sclerostin is present in mature osteocyte cells and is a popular marker for differentiating between
osteoblast and osteocyte cell&3,3-DiaminobenzidinéDAB kit was purchaseddm Abcam Mouse

and Rabbit Specific HRP/DAB (ABC) Detection IHC kit (abédizbtje relevant components were

used for this studySectioned samples of microspheres, cultured for 60 days in osteogenic nvedia,
protein blocked for 10 minutes, washeddthensubmerged in hydrogen peroxiddockfor 5 minutes

and then washedhgain Rabit anti-Sclerostin antibody (ab8579@%bcam was added to buffer (PBS

and 1%bovine serum albuminat 1:350 and added to the samples for 12 hours at 4 °C. Samples were
washed 5 times with PBS for 5 minut&iotinylated anti-rabbit goat(ab64256 Abcam (1:300) in

buffer was added to the samples for 1 hour before removal and washing 3 times in PBS for 5 minutes.
The DAB stain was then added to the samples for 5 minutesgalg and then washed off and rinsed

with PBS 3 times for 5 minuteSections of Wétar rattibia imbedded in paraffin were dewaxed in
xylene before undergoing the same process as above. Controls with every step except secondary and

controls with no primay was also processexs above

78



Chapter 2: Materials and methods

212 Invivo study of vascularisation response usingCleorioallantoic
membraneassay

2.12.1 Preparing the Chorioallantoic membrane model for implantation of scaffolds

The Chorioallantoic membranéCAM assay was used tassess the vascularisation response of the
microspheres in an #ivo environment. This assay was performed according the published procedure
[252]. Fertilised chicken egg$allus domesticygpurchased from Medegg®JK)were incubated from

day 2of fertilisation until day8 at 37Cin ahumidified egg incubator (ROM Suro20)At day 8 a
windowwas cut into the shell of the ed§ mn¥) and the implantsvas injected into the openingsing

a 5 ml syringe with a 1.1 mm internal diameter needle Kifasking tape was used to secure sterilised

(in ethanol, 30 minuteg)arafilm over the imfantation site to prevent infections.

2.12.2 Implant ation of EHA/IBOA microspheres into a Chorioallantoic membrane model
for angiogenic potential assessment

Each egg was implanted with one of tfwlowing samples or controls..®y of EHA/IBOA polyHIPE
microspheres cultured for 3 days in osteogenic media with-KPells were washed and injected in

PBS for implantation. 0.5g of EHA/IBOA polyHIPE microspheres soaked in osteogenic media for 3 days
without cells were washed and injected in PBS for implantati0,000 hE®IP cells cultured in

growth media (P4) were injected in PBS into the egg. A control was used where the egg was opened

and then resealed without the addition of any foreign objects.

2.12.3 Implant ation of polycaprolactone microspheres into a Chorioallantoic membrane
model for angiogenic potential assessment

Each egg was implanted with one of th@lowing samples or control€0.5g of PCL polyHIPE
microspheres cultured for 3 days in osteogenic media withMBSells were washed and injected in
PBS for implantatiorD.5g of nonporous PCL microspheres cultured for 3 days in osteogenic media
with hESMP cells were washed and injected in PBS for implantatibhg of PCL polyHIPE
microspheres cultured for 11 days in osteogenic media withMESdls were washed and injected in
PBS for implantatiorD.5g of PCL polyHIPE microspheres cultured for 11 days in growth media with
hESMP cells were washed and injected in PBS for implantation. 100,006MRE®IIs cultured in
growth media were injected iRBS into the egg. A control was used where the egg was opened and

then resealed without the addition of any foreign objects.

2.12 .4 Scaffold Retrieval from the Chorioallantoic membrane assay and in-situ imaging

The chicken eggs were incubated until d@ywhen the scaffolds were retrieved and the eggs were
terminated The chicken eggs were removed from the incubator one by one as they were processed.
Angiogenesis was quantified by taking light microscope pictures just before scaffold refiestat)(
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and using histological images of the retrieved scaffoldata on the density antifurcationsof the

blood vesselsvas obtained by analysing a 2 tanea around the implant over a series of images.

2.12.5 Staining techniques used on the tissue samples remov ed from the Chorioallantoic
membrane

To view the histological properties of the area around the microsphere implants some of the CAM
assay was extracted, stained and imag€ke area around the implant was then extracted from the
egg using tweezers and ssdrs and placed into 3.7 % formaldehyde for 30 minutes to fix and were
then washed for 15 minutes in PBS thriel&E was used to stain these samples for imaging using an
optical microscopé€Miotic). FIT@halloidinand DAPI were used to image the samplader confocal

(see section 2.10.4Natural red fluorescence of the chicken eggs red blood cells were also used in

fluorescent imagingemission: 488 nm 12% transmission, filter low pass.505)
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2.13 Digital techniques used on images

2.13.1 Computer generated trace of cells within microsphere sections

To aid the visualisation of cells within the microspheres a model was created using CAD software.
Autodesk Maya was used to trace over an image ofMBSells inside a section of a microsphere.
Polygons we8 ONBI 4GSR FI O0S o6& FIF0OS dzaay3a (GKS W/ NBIF (¢
structure of the microsphere and then in a separate layer the cells were traced over. The polygon was

then smoothed (mesk> Smoothg settings to Exponential and divisitevels set at 2).

2.13.2 Falsecolour ed scanning electron microscopy images

To aid the visualisation of cells of images taken usin§Efalse colour was manually addeding
Photoshop (Adobe). Layer masks were used for each colour channel and therysirttiol was used

to change these layers to incorporate the desired structures. No automated software was used to
RSGSOG FSIFGdzNBa FyR Fftf adNHzOGdzNBa | NB adzoaSoi
2.13.3 Manipulation of image stacks from confoca | microscopy: Z -stack

Images taken on the confocal microscope could be taken at different depths, when these images were
taken through a sample they were assembled intestark of imagesZ-stack images (1024 by 1024
pixels) were obtained using the sansettings as single plane images but repeated images were

obtained of the same area, translated 11 um in the z direction after each capture.

2.13.4 Manipulation of image stacks from confocal microscopy: Stereoscopic image

A stereoscopic (3D) picture of thaicrospheres was produced that can be viewed without any
additional hardware (glassed)sing the software Zeiss image LSM browsestaak of images were
processed with the projection function (number of projections = 64, difference angle =6). Twasimage
were selected at a slight difference in rotation between the two. Skytopia software was then used to

optimise the position of the two images side by side for easy viewing.

2.13.5 Manipulation of image stacks from confocal microscopy: Z-project

Combinatims of the images taken on astack were often converted into one image to easily display
all the captured information in a single framEghe z project function on ImageJ was used egatack
confocal data. With less than 10 layers the average intensitgtion was used. Above 10 layers the

max intensity function was used.
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2.14 Statistial analysis

2.14.1 Unpaired students T -test

Unpaired students fest is a statistical method for comparing two sets of data and to determine
statistical error. Care must aken when using this test as the chance of a false positive occurring
increases quickly with multiple comparisotisis ideally suited for only comparing two sets of data,
which is the only times it is used in this thesis, most comparisons were undartaing an ANOVA

test. Ttests were conducted using GraphPad Prism 6 using the deféest Settings.

2.14.2 ANOVA multiple comparison test

The ANOVA test was used to compare multiple sets of data to determine if significant differences were
present. Ths test helps eliminate the risk of false positives being returned as significant. ANOVA tests
were conducted using GraphPad Prism 6 using the default ANOVA settings with the multiple
O2YLI NRa2ya aSdidAay3a W 2YLI NB G§KS OENBY & KB NG [O@F
Significance was denoted by a * symbol (* p < 0.05, ** p < 0.01, *** p< 0.001, **** p <0.090dever,

despite the * denotations, each test was tested only against p = 0.05 and increased significance was

not directly tested for.

2.14.3 Microsphere data analysis and method of displaying data on Tukey boxplot

Data analysis on the physical attributes of the microspheres is shown throughout this thesis as a
boxplot. It is important to understand that the graphs describe the variance ¢rosphere size and

do not denote error or a variance from a specific value. Put another way, if infinite microspheres were

analysed the data would remain (roughly) identical to what is presented and would not be reduced to

a single value.

Microsphere diamter was measure in ImageJ and then transferred to excel. Measurements from each
microsphere in a condition were added together to form a single data set. These data sets from
different samples were then compared against one another as either histograassbaxplots. Tukey
boxplots were used wit the highest datum within 1.Bterquartile rangg(IQR of the upper quartile,

the lowest datum at 1.5 IQR of the lower quartile, first and third quartile making up the box and the
media making the bar within thedx. The upper and lowdyarswere microsphere diameter values

closest to the calculated theoretical value of where baswould lie.
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Figure2.6. Explanation of the Tukey boxplots used to visually compare microsphere diameter and
microsphere pore size.

2.14.4 Analysis of the SHG data from images captured using the confocal microscope

The SHG imaging of collagen was analysed to determine any significant difference in the intensity
between samples (denoting different quantities of collagdije images useith the analysis of SHG

had been kept at original intensity so can be compared to each other. Cell fluorescence was measured
usinglmageJRegions of interest (of where the microsphere was located) were measuredmsiggJ

and the area, integrated dengitand the mean grey value were obtained. Three control region was
obtained from an area with no fluorescent activity and later averaged. The corrected total cell

fluorescence (CTCF) was calculated by the followimgufiar.

#4#8& 1 OACORNIOBEOOA AT AAIOBIAOA G RAEA AT OAICARA RAQWARIAELT ¢O

The data was then compared using an ANOVA test to determine significance.

2.14.5 Method used to assemble data on the cell infiltration into microspheres over time

This is the method used to analyse the cell ingrowth and penetration into microspheres over time
when cultured in different mediumd.o calculate number of cells in each slicestazk was taken from

each slice and combined as-arpject inimageJParticles were only selected for if the diameter was
great than 170 pm and if largely intact (undamaged). Cells were counted within each particle slice
when a DAPI nuclei stain was seen. The maximum penetration was found by measuring each cell inside
the particle from the centre of its nuclei stain the nearest edge using the measure functilmnageJ

For each particle slice the 5 particles with the greatest penetration were taken and the mean average
was taken for the penetration distance. 95% confideliroéts were used for both sets of datehe data

was then compared using an ANOVA test to determine significance.
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2.14.6 Measurement of cell nuclei alignment on polycaprolactone microsphere
agglomerations.

Cell alignment was measured from-atack of imags of hESP cells growing over PCL microspheres
in an agglomeration. For each image, ImageJ was used to measure the aligrfnieatelongated
nucleito an arbitrary 0 base. The distribution of cell alignment was then plotted on a spider plot on

excel.

2.14.7 Techniques use to analyse the vascularisation response to the implants

Data on the density and size of blood vessels in proximity to the scaffold was obtained from both the
imaged of the implant in situ and of the sectioned samples of the scaffolats. on the density and
bifurcationsof the blood vesselsvas obtained by analysing a 2 £area around the implant over a

series of images. Blood vessel diameter was measured insage.hnd the wiest point of vessel was
imaged Each bifurcation with # 2 cn® area was counted, as were and additional bifurcations
downstream of the same vessel. Blood vessels that left the area and thenteeed were only
counted once when recording frequency of blood vessels. Samples were compared using an ANOVA

test.
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Chapter3: Fabrication methods for particle manufactur

3.1 Chapter aims

1. Evaluate the manufacture of microparticles using photocurable based materials
2. To investigate methods of structuring microparticiesorporating porosity

3. Produce a setip to manufactire a continuous and rapid production of microparticles

3.2 Introduction
The initial step of the project involved identifying the microparticles that would be used for the scaffold.

A variety of stereolithography and photocuring methods were availableosthg the microparticle

for the injectable scaffold was a balance of control over the structure of the particle and the speed of
production.However, no matter the level of detail achievakfe¢he speed of manufacture is too slow

to produce an apprecidb numberof particlesthe process is not suitable for large scale production
Gontrol over the particles shape @shighly desirabldeature of the manufacturing procesBeing able

to alter the porosity and shape of the object will allow for greater watmn in both assemble and
directing/supporting cell growth, differentiation and vascularisatii@®b3]. A brief review of the

techniques and materials from literature follows.

3.2.1 Photocuring monomers: Lithography techniques

Photolithography utilises photocurable materials to rapidly form solid objects from ggigener
liquid. For a plymer material to be photocurable, a photoinitiator is added. The photoinitiator absorbs
light, and the resultant loss of an electron results in the formation of a free radical. This then initiates
free radical polymerisation, causing the monomers aroititd solidify. The use of lasers has allowed

for rapid and precise triggering of photocurable materials, producing features down to thestaf®

[254).

Photolithography is the direct write with a laser, where the beam is scanned over the surface of a
photo-curable polymer, which then curg¢g55]. While this method is slower in making objects than
photo-mask printing (including DMD projection) methods it is much fastenigkoperationalterations

to the design of the microfluidic. Changes can be made after each production without the need to print
out more transparencies or create new moulds. This allowectlivrite to reduce the waste involved

with development and removes delays involved with altering traditional production metfsg.

This technique is slower than other laser based methods when it comes to producing objects as the

whole structure is not formed immediately, but built up line by line.

Two-photon polymerisation relies on the selective photocuring of a voxel within the monomer solution
[257]. For the free radical formation, the photoinitiator fotv@o-photon polymerisation requirethe

excitation of two electrons simultaneously. This double arriving of a photon effectigaipinestwo
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photons, hence withwice the energy (half the wavelengthwhich is sufficient to liberate an electron
from its atom and thus begin the polymerigat [258]. This allows the laser to cure features below the
diffraction limit of light which is the limit of other photocuring techniqyés7]. Two-photon printing
allows nanoscale structures and patterning and can be used to produce high levels of detail and
structuring [259]. With atwo-photon technique it is possible to manufacture true 3D structures.-Two
photon laser polymerisation can be usedproduce 3D components for a microfluidic device such as
micro-porous filters[260] which be used for applications such as filtering components of the blood
[261].

Microfluidic channels can be used to turn what is essentially a batch process of particle manufacturing
into a continuous process. Liquid ppelymer passes through the channel whilst a light sourcesu

the polymer as it passg436-139]. These channels are formed frguolydimethysiloxane(PDMS), a
siliconebased organic polymer, and the standard for rofltridics. This material has an advantage for
photocurable applications as it forms a competitive oxygen layer a few microns thick from its surface,
which prevents free radical polymerisatid36]. This prevents the polymers from curing and adhering

to the channels walls. There are many variati®f this technique reported ithe literature [141]. An
example is of a single channel, which is patterned with DMD projection, curing objects within the

monome flow [141-144].

3.2.2 Microparticles : their manufacture and applications in tissue engineering

Porous particlesonfera significant advantage faell surviva since they allow the cells to bind to the
interior of the particle away from external forces during implantatifgv, 106]. Cells on the inside or

in surface depressions are better able to resist shear foft@g]. Porousmaterialsalso provide a
higher surface ar& for cells to grow on, and allow for increased perfusion through patrticles if the
porosity is interconnectefR62]. There are many methods available for producing porous particles but

not all can be combined with microfluidior laser curing.

Being able to control the shape and porosity of particles is difficult. To then produce a system which
requires high numbers of these particles reduces the viable options for particle manufacture.
Unshaped patrticles are usually spherioahature due to the formation of a shape for minimal surface
tension. There are many techniques for forming spherical partjé@263-265, but less alternatives

exist for forming particles in specific shagé86]. Being able to design and tailor the shape of each

particle is important as creating the desired microarchitecture allows us to influence cell behaviour

[266].
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3.2.3 Polymers and m aterials used within chapter 4
PolymerPolyethylene glycol
Polyethylene glycol (PEG) is used for many applications in the medical industry such addatingn
surfaces and relative bimactivity [267, 268]. PEG is a polyether compound and can be modified to
form a diacrjate (PEGY for use in free radical polymerisation reactiq269. When combined with
a photoinitiator the mixture will react to light by polymerising, as the photoinitiator begins a free
radical polymerisation reaction. Photibsorbers can be added to attenuate the polymerisation
reaction [270]. PEGdis a popular material for 3D printing using lasers (microsteremgithphy),
partially due to its transparency and its rtokicity to biological tissuf262, 271].

EmulsionPdymer high internal phase emulsion
Polymer high internal phase emulsions (polyHIPE) are an example of a highly porous material which

can be cured in a particle forfi272, 273. PolyHIPEs are emulsions of water and an hydrophobic
monomer, which can be formed with up to 99% interconnected porddif]. When the water
content is geater than 70%, waters droplets start deforming to allow higher porogiyl]. A
surfactant is added to the monomer which lowers the interéhtension of the droplets, allowing them

to form interconnected porositj150]. It has been postulated that when the material dries the polymer
shrinks, which acts to open interconnecting pores in the thin walls betwemesd274]. When
combined with a photoinitiator, some polyHIPEs can be used as a photocurable material, forming

structures with high interconnected porosity.
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3.3 Results

3.3.1 Photocuri ng of shaped objects using controlled laser based radiation

A 407 nm laser was utilised with a digital micromirror device (DMD) to project patterns onto afbath
photocurable PEG monomer. Structured/shaped micropartielese produced in a batch style
processing techniqudfigure 3.1). Different projections were used to produce micerticles with
different structures.Incorporation of porosity of different sizes into the microparticle designs were
successfully manufactured as physical structu@sercuring is evident in some locationélue
arrows) although features are well forme®ver-curing often causes the rounding of corners on
objects Particles were formed with internal structuring, demonstrating the versatility of using the
DMD for image mjedion. The SEM micrographs reveal the surface topology of the par{iitese

1d-g). The particles appear micro textured from the micromirrors on the DMD. This can be seen from
0KS RAYLI SR adaNFI OS 27F (KS LI NIcaueed Bya glight dceSspill2 £ &
of laser light, it is also visible on the side of the parti¢ied arrow) The proportions of the hexagon

in Figure3.1f appeardistorted and are not identical to the image loaded into the DMD software to

form the shape.

88



Chapter3: Fabrication methods for particle manufacture

AccV SpotMagn Det WD Exp |} 200pm AceV SpotMagn Det WO D g 200
200kv30 150x SE 1050 BMS Sheffield 200kV3D S4x St wrao BMS Sheftield

AccV SpotMagn Dt WD B3 e 200 2 AceN SpotMagn  Det WO D ey 100
200KkV3D 11x St oo EMS Sheifeld 0KV 3D 2402 St w50 HMS Shettield

Figure3.1. Particles formed using the DMD setup projecting onto a glass slide containing photocurable
PEGd. DMProjector usedo produceshapedparticles, in a batch proceds-c) Optical micrographs

of photocured PEG microparticles. Each particleittasnal porosity designed into its structui@)
Square particles with small internal porosity). $quare particles with large internal poros{trg) SEM
micrographs of particles formed using the DMD projector and photocurabledEf@xagonal partie
alongside a square particle with large internal poeg Solid square particld) Solid hexagonal particle.

(9) Hexagonal partie with a large internal por&lue arrows denotevercuring and red arrows show
laser overspill regions.

3.3.2 Two photon laser photocuring (manufacturing) of = CAD designed microparticles
particle

Before manufacturinghe calibration tests for the-photon direct write allowed us to determine the
power and speed settings required for producing a voxel of a particidafgure 3.2). While this

exact data is individual to the specific setup it does illustrate the effect that speed and laser power
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have on the voxel area of polymer curing. Increasing the speed had the greatest effect and reduced

the cured polymer heighivhile increasing the power increased the height of the cured polymer.

(b)

B 0.00 mm
I 0.02 mm
I 0.04 mm
[ 0.08 mm
[ 0.08 mm

Fower myy

0.5 1.0 15 2.0 25

Write speed mm/s

Figure3.2. (a) Lines formed by 2 photon polymerisation when photoc@®#@dFor each line the stage
travelled in both the x and z axis to form a gradient. Each line in a settvaadifferent stage speed

and each set was done at a different power. Measuring the size of the resulting photocured feature
allowed for the creation of a settings library. (b) Data gathered from (a) and displayed onto a graph
relating laser power and stagwrite speed to the feature size produced. 0.00 mm = no structure formed.

Having calculated the voxsize,it was then possible to manufacture@AD designed micHoarticle
with specific featureshrough 2photonphotocuring(figure3.3). The internal sticture shows the path
of the laser as it cured the monomer. The complete structure (Fig3) does not resemble the CAD

file exactly. The pores in the sides of the microparticle have not been formed. A slight curve over the
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upper surface of the microptcle is also observable. Features of 50 um diameter were successfully
formed and the pores extended through the structure. Both the |g8§epm)and small pore(35 pm)

were created in the particle.

Acc.VY SpotMagn Det WD Exp p—— 100 um
200kvV 30 200x SE 318 2 BMS Sheffield

Figure3.3. (a) STL file for particle design contiagnboth large and small pores. (b) Computer generated
laser path for curing of microparticles by STA software. (c) Aborted attempt atpaiticle showing
the internal features of the structure. (d) Mieparticle structured via -photon polymerisatiorover

4.5 hours.

3.3.3 Producing microspheres through encapsulation of oil phase in water phase using a
microfluidic device

Single photon direct write was used to cure the microfluidic templat®EGd PDMS was used to
create an imprint of the PEG templaded bonded to glass to form a microfluidic ckfigure 3.4) The

power and speed of the laser changed the width of the cured PEG on the glass slide but did not change
the height of the polymer. The height could be altered by changing the depth of themmeminside

the monomer bath. The images in Figudd demonstrate the range of channel sizes that could be
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produced by this technique. Increased channel diameters further could be achieved hy wuior

more linesin parallel.

Figure3.4. (a) CAD dézn file for the microfluidic channel. Black circles indicdteraa hole would be
punched into the PDMS for input and output feeds. (b) PEG structure of the microfluidic channel on a
glass slide. (c) PDMS mould of the microfluidic device focusing endaesulation area of 160 pum (d)
Corner of the microfluidic PMDS channel with a channel width of 80 pum.

Encapsulated oil phase droplets were produced by the microfluidficgire3.5 demonstrates the
successful application of the microfluidic chips. Dyedew and oil were used to establish the flow
rates required to produce the microdroplets in two noriscible solutions. In FiguBeba laminar flow
Oy 0SS aSSy ¢KSy (KS (62 RAFTFSNByuaute ReSR ¢l (S
the left of the image the effect of mixing can be observed as the two flows begin to intermingle (black
circle, Figure3.5a).
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X

@)

:_Flbws mixing
 via diffusion .

Figure3.5. (a) Laminar flow within the microfluidic chip of two inputs of differently dyed water. (b)
Optical microscope image oil and dyed water in microfluidic chip producing encapsulated bubbles of
oil. (c) Same experiment as (b) but showing the setup of the experiment.
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Using PEG photocurable monomer, water and the encapsulation microfluidic it was possible to form
spherical mioospheres of PE@igure 3.6). Changing the flow parameters changed the size of the
microspheres. Decreasing the PEG flow caused small microspheres to form and increasing the flow
rate ofthe water had a similar effect.hese microspheres were very raptdrhanufacture but do not
include any porosity or structuring. We then combined this method with a materials processing

method (polyHIPE) to include porosity within the microspheres.

Figure3.6. PEG microspheres formed by the microfluidic chip. Diffél@mmtsettings were used to
achieve the different sized microspher@y.3 ml/hrmonomer flow. (b) 10 ml/hr monomer flow.

3.3.4 EHA/IBOA polyHIPE microspheres manufactured using the microfluidic device , via
encapsulation and photocuring

EHA/IBOA polyHIPHEarospheres were formed using the encapsulation microfluidic (figpre 3.7).

The polyHIPE system will be expanded on and discussietdit in the following chapterThe HIPE

used is an oil based emulsion (w/o0) and when combined with the middaflohip the system becomes

a double emulsion (w/o/w). Once cured these microspheres were highly porous and formed a
uniformly sized population. Flow rate alterations had the same effect as those used foirPEGuUre

3.7. The microspheres have an opsuirface porositffigure 3.7awhich allowed the water used in the
HIPE formation to leave the microsphere when drying. Production rate of the microspheres was 180

microspheres per minute.
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Figure3.7. polyHIPE EHA/IBOA microspheres formed by the midiofthip. Different flow settings
were used to achieve the different sized microspheres
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3.4 Discussion
The DMDsystem was used to manufacture shaped particles by allowing precise shaping of the laser

light using the image uploaded to thHe a 5 Sbftware [275]. Problems with the setp or irregular

laser intensity can cause distortions to the projected image which in turn effects the cured polymer
structure. Scattering from the polymer can cause a wider area to photocure than is desnletie
corners of objects often cure faster than other areas, leading to over cufing. microtextured
topology seen on the SEM images of the patrticles in Figdrehbw a dimple effect. This is formed
from the individual micromirrors or more specifilyathe gaps between the mirrof276]. This can be
reducedby increasing the number of mirrors to make a single structtd@wever, while this will
reducethe size of the topology but does not eliminate it. Thigace topology may be advantagequs

as it increases the surface area of the particle pravides a topology for interaction with ce[&77),

both on themicrometrescale and on the nano scale.

Porosity can be includeith particles both by desiging voids into the structures day designing the
particles to not fit togetheseamlesslyWhen randomly assembled, cross shaped particles will allow
the formation of a higher percentage of porosity than squpagticles Through this ménod both the
external porosity and any internal pore size can be controlled. The particles produced in Figure 4.
were designed to produce a controlled pore sizes in this way. Controlling pores size is essential for
controlling cell and blood vessel ingrth. Too few or small pores can result in low cell/vascularisation
ingrowth to occur. Whereas when pores become too large the material can become too mechanically

weak to support load.

Depending orthe photocurable materialsome cured objects can only femed in 2.5Dwhen using

the DMD system, this can be offset by structuring the particles to form s80dstructures through
interlocking A void wageft in the centre of the particles to allow the particles to slot together, forming
3D structures. Sekigure3.7 for an exanple of how these particles are theorised fib together. In
materials,which are transparenthe laser light passes all the way through the monomer bath, curing
the entire depth of the monomer. This allows for the 3D design of taadky axis but no control in
independently designing the z axis. An opaque solution, or one with plimtorbers, can be built up

in multiple layers using a motorised stage in theexs in a similar way to many 3D printing technologies

[278]. Changing the particle shape can go a long way to overcoming the shortcomings of a 2.5D scaffold.
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Figure3.7. CAD generated image of interlocking particles showing the potential open 3D structures of
particles when mixed together randomly.

The use of bhoton polymerisation allows the manufacture of intricatedahighly detailed particles

with a true 3D structureUsing thissystemi,it is possible to fully reproduce the 3D structure designed

on CAD software. As the object is supported in the liquid dudingation it is able to support the
formation of overhangs without the requirement of a secondary support matedgdct control over

pore sizedistributionandnano-scale topologys possible using the technique which can be utiliwed
guide cell aligment and differentiation{279, 280]. Sub 100 nm resolution has been achieved by the
research community281] with many groups such as Misawa et. al. producing structured geometries
with a high degree of complexif82. However, the particle in Figure 4.5 requir2d0 minutesto
manufacture. This is approximately 1200 times slower than particles formed with the DiNDis an

issue which exists for all freeform fabrication manufacturing methods and is only exacerbated as the

line width used to lay down material is reduced.

Thespeed of particle manufacture is an important aspect for consideration, as a conmlatent may
require tens of thousands of particl§®83]. Producing particles slowly in the lab may be possible and
even translatable to small scalevivo experiments but when scagjrup for industry this would quickly
become norviable.Modificationshave been suggested whichn be made to increase the production
rate. Output can be increased by splitting laser beam with mirrors and then focused on different parts
of the monomer onthe stage, so that the particle is built in a parallelised way. Increased levels of
photoinitiator and increased laser power can be used to increase the write speed and reduce printing
times. Despite these methods for speed and yield increases the produsitinighly complex true 3D

structures is currently very time consuming. If it were possible to increase the output of the technique
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of the patrticles sufficientlythe technique would become the gold standard for producing particles for

bottom up tissue egineering.

Microfluidic systems can be combined with DMD or direct write manufacturing technitpes
manufacture particles for tissue engineerifd®9, 141, 145, 284]. The encapsulation microfluidic chip

is used in biotechnology to encapsulate biomoleculesaldlis within a sphere which can then be used

as a cell carrigi131, 285], micro incubator/reactof286] or as a printable biank [106, 287, 288]. Using

a single photon (standard direct write) lithography system to form the microfluidic device was chosen
due to the reduced manufacting time. As this microfluidic is designed in 2 axes there was no need to
control the curing in the -axis with the laser. The depth could be controlled by the quantity of
monomer used. Changing the speed and power of the laser changed the width of tredlurdec
channel. This reduced the complexity of the program requicecntrol the stage. Fathanneldarger

than the laser could produce, multiple lines were added in parallel next to each other. Once formed a
template could be used many times to prok PDMS moulds until the templates became damaged

from repeated us¢289|.

Usingthe microfluidic systems, spherical particles (microspheres) were photocured by combining two
immiscible solutions within the chip and forcing one to encapsulate the other phasepossible to

use this microfluidic system form microspheres withouphotocuring. For examplesinganalginate
solutionanda agueous calcium solutiotg set the alginate into uniform spherical dropl¢29(. Here

we use a photocurable liquid as the oil phase which can be photocured by a radiation afterdhe
droplets have been formef291]. Microspheres formed fronPEGdwere the initial microspheres
formed by the microfluidic device. Similar manufacturing processes have been reported in the
literature, foming PEGdnicrospheres down to 40 um in diametg92]. There is very little control

over the structure of the microsphere formed from these devices. The miadaflibe can be shaped

to flatten a droplet or to elongate 272 but the finer control offered by the DMD or thephoton
polymerisation is not currently possibl/here this techniquestands out compared to the previous
methods discussethe rapid speed ofmicrospheremanufacture. The rate of microsphere formation
was 3 particleper second.This is &ubstantial speethcrease when compared to the DMD production

rate.

The microfluidic system allowed for rapid manufacture but confirmed no method to include complexity
or porosity into the microspheresthe loss of control over the microfeatures and porosity of the
partides was compensated for using the polyHIPE material. This emulsion based malkgcial
photocured as a porous polymer, the properties of whidduld be tuned independently of the
microfluidicsystem. This is discussed in detail in the following chapter polyHIPE material is full of
air/water interfaces from the internal liquid droplets which scatters laser IjgB8, 294]. This is not

an issue when theuspended spheric#lIPE monomer is cured under a UV lamp as the entirety of the
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microsphere need to be solidifietHowever, vihen used with the DMD the scattering nature of the
material reduced the thickres of the resultingtructure. Additionally, with the increased scattering,

resolution was greatly reduced, as the laser light scattered and cured a larger area of monomer.
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3.5 Conclusion
In thischapter,different techniques to produce particles weresestigated. An association was found
with the amount of control over the particles structure, and the time required for fabrication.
Increasing the customisation required longer manufacturing timegh@&on polymerisation could
replicate true 3D objectffrom CAD files but required many hours per particle. DMD based particle
fabrication was much more rapid and offered 2.5D control over the particles structure but required
operator input in a batch procesBothtechniques allowed for the design on interrmdrosity within
the patrticle, which is essential. The final method used, the microfluidic device, had very little control
over the shape of the particles produced but could manufacture hundreds of particles in the same time
as a single batch of particlé®m the DMD. This continuous process and the speed of manufacture
was essential for producing the volume of particles necessary for a scaffold. The use of a polyHIPE
material allowed for the inclusion of porosity within the particles produced, and allasdd use this

final technique for the remainder of the project.
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Chapter 4 PolyHIPE microsphere production

4.1 Chapter aims

1. Produce porous microspheres from the EHA/IBOA polymer blend

2. Investigate effects of processing conditions on both internal pityaand on microsphere size
distribution.

3. Compare the microspheres produced via two techniques: controlled stirred tank reactor (CSTR)
and the microfluidic Junction.

4.2 Introduction

4.2.1 Microspheres and their application in tissue engineering

Porousand nonporous microspheres are utilised for many applications in tissue engineering such as
microcarriers for cell expansiqg95, 296, release of bioactive agenitg97], and as building blocks for
(selfassembled) scaffold298, 299. The advantage of using microspheres for these applications is
that they can be delivered as injectable materials, thus bypassing thereagemt for open surgery.
Additionally, porous microsphesigased cultures can be used as an ink for 3D cell printing. As a 3D cell
support matrix for cells, porous microspheres have many advantages over theipanouns
counterparts; they can provide enhasdt nutrient diffusion, a 3D culture environment and greatly
increased surface ard296, 300]. Many technique$iave been used to develop porous microsphere
systems including supercritical gJ026], thermally induced phase separatifi§], freeze thaw cycles

[129], solvent evaporatiofil30], microsphere leachingd.31] and polyHIPE formulatiorj432].

4.2.2 Photocured emulsions: The polyHIPE

A polyHIPE allows precise control of the degree of porosity within the microspheres as well as control
over the degree ofniterconnectivity and to some extent pore si@91]. The defining feature for an
emulsion to be classified as a HIPE is when the internal phase volume corstigipegter than 74% of

the total volume, corresponding to the maximum packing density of equal sized sgt&62807). If

the continuous phase is composed of suitable monomers and -tirdss, a highly porous foam
(polyHIPE) can be produced upon curing of the HIPE. A polyHIPE can Ipavesity with
interconnected pores of up to 99%450]. This interconnected network of pores is creat®dthe
contraction of the thin monomer film surrounding the droplet phase during cui@®g]. PolyHIPEs

are increasingly being used in tissue engineering applications (including bone tissue engineering) and
as cell culture substrates due to their highly porous nature and interectivity[185, 302]. In addition,

we have recently demonstrated that the mechanical properties of thislyoper system can be finely

tuned bychanging the ratios of the monom¢g304].
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4.2.3 Turning the e mulsion into microspheres: manufacturing techniques
In this chapter porous microspheres were prepared from a HIPE via photocid@ily The
microspheres were produced by two methods; (i) double emulsion of photocurable HIPEs to produce
water-in-oil-in-water (w/o/w) emulsions in a continuous stirrgdnk reactor (CSTR) which were then
photocured and dried[302, 306, 307] and (i) the Gokmen method employing-junction
fluidics/droplet microflidics[132 147,263, 308]. These methods produce very different microsphere
size distributions. The latter method provides the ability to produce a very narrow distribution of
microsphere size which allows greater control over sieaffold This is importat for delivery as the
microsphere size will dictate the bore size of the injection needle while a narrow microsphere size
distribution will ensure no blockages can occur from unexpectedly large microspheres. Additionally,
controlling the microsphere sizalows the control of pore size between microspheres when packed
together. Controlling this pore size could allow control over nutrient diffusion and could induce or
inhibit angiogenesis (through lack of large enough spaces for blood vessel formationpdisfzerse
spherical microspheres present a maximum packing density of 74% (with hexagonal close packing)

while a polydisperse microsphere distribution allows for a higher packing d¢agfjy

Photocurable HIPEs allow near instant formation of porous microspheres by curing under UV light. In
the double emulsion techniquehe HIPE is added dropwise into rapidly stirred water. The mechanical
force breaks up the added HIPE into smaller sighédroplets to create a suspension of HIPE droplets

in a large volume of water to create a w/o/w emulsion. The spherical HIPE droplets are then rapidly
photocured, and the water removed by filtration and evaporation. For the microfluidic method, HIPE
is introduced into rapidly flowing water within a silicone tube, via a dispensing tip inserted into the
aARS 2F GKS (dzo S o ofttiieHIPE feed] gtdck ifto dioplétsS The i@aspReresize
can be controlled by altering the flow rate of wattdIPE or changing the needle tip diameif&B2,

263. The two main advantages of this method are that it proglimicrospheres with a narrow size
distribution, and that it is a scalable continuous manufacturing process (e.g. by (i) increasing the

number of silicone tubes and (ii) by adding HIPE injection sites into the {32263, 30§] .
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4.3 Results

4.3.1 The effect of manufacturing parameters on the intern al porosity of the polyHIPE

The polyHIPEmaterial has both an external porosity andn internal porosity along with
interconnecting porosity between the porg§igure4.l). The polyHIPE material used for these
experiments is a blend of the monomers Ehl 8BOA. The polyHIPE is expected to be 80% porous as
the proportion of water added to monomer is 80:20 (by weight) for the HIPE process. The average size
(mean) of the interconnectivity is 2|im and the median is 1.jAm. There are both micron scale and
nano scale interconnecting porosity with the largest pores up topbnsand the smallest observed
being 160 nm. This microporous material scatters the light significantly giving the material a white

appearance (Figuré.1c) despite the transparent matetsused in its formulation.
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Figure4.1. EHA/IBOA blend PolyHIPE material with 80% porosity and internal interconnected porosity
between larger pores. (a) SEM micrograph of polyHIPE surface displaying open porosity with pores up
to 35um in diameter. Sda bar is 2qQum. (b) SEM micrograph of interconnectivity between pores in the
polyHIPE. Scale bar is gfh. (c) Optical micrograph from reflected light microscope of the white
appearance of the polyHIPE. It is possible to see some of the larger poressumfdte as a rough
texture. Scale bar is 1 mm.

Temperature changefluencedthe size of the pores within the polyHIREh increasing temperatures
resulting in the formation of larger poréEigure4.2). Thewater was added to the monomer solution
at aspecific temperature during the w/o emulsion forming stage. The resulting materials were imaged
using an SEM and the pores were measured uUsiageJ As temperature increased the average pore
sized increased along with an increased spread of pore siz88°& the largest pores measured were
dzLJ 42 Ttnon xY AY RAFYSGSNIGgKAES G n 6/ GKS N
pore size decreased by 55% from 22.3 um a®@@o 10.0 um at 4 °C. 15 °C was closer to 30 °C in
valueswithax Y RSONBIFaS Ay YSty | @SNIF3IS o0F mp 22 RSON
cp®c XY OF ¢ 22 RSONBlFIaSuvo
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Figure4.2. The relationship between the temperature of the water during the initial HIPE mixing (w/0)
mixing stage and the resulting pore sim@sasured in the polyHIPE material, by SEM images. Increasing
temperature increases the maximum pores size along with an increase in medium pore size. The
temperature change does not change the minimum pore size found in the material. This data has been
show on a Tukey boxplot. A Tukegxbplot presents interquartile range with the centre line as the
median, whiskers represent maximum and minimum microsphere/pore dianitertemperature of

the water added to the monomer is controlled> 315.

Increasingthe speed of the paddle stirring the monomer as the water is added to form a HIPE
decreaseghe resulting size distribution of pores in the polyHIPE (FiguBe As the rate of stirring

used to form the material is increased the pore size initially deswe, until it plateaus at 765 rpm.

After this speed there is very little difference in the pore size distribution at the faster stir rates. This
effect can be observed in the SEM micrographs (Figu8R) with decreasing pore sizes at higher
stirring speels. Between the slowest stir rate, 320 rpm and the fastest rate, 1260 the mean average
pore size decreased by 70% and maximum pore size decreased by almost 80%. The largest
interconnected area between pores measured at 320 rpm was 24.1 um while the largastred in

1260 rpm was 8.9 unThese stir rates were chosen as they were the set speeds on the lab egg stirrer

used to stir the solution.
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Figure4.3. The monomer was stirred at different rates during the water addition process (w/o) and the
resultantpore sizes was measured. @)x plot of pore sizes from each material formed at different

stir rates. With increasing stirring rate, the median pore diameter within the polyHIPE decreases, along
with the distribution of pore sizes. After 765 rpm therditite effect on the pore size with each
increasing stir rate(b) SEM micrographs of sectioned polyHIPE blocks to show internal porosity. These
images, among others, were measured to produce the graph (a). (b i) 320 rpm, (b ii) 540 rpm, (b iii) 765
rpm, © iv) 870 rpm, (b v) 1260 rpm. The scale bar igubd > 384 per condition.
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4.3.2 Porous microspheres manufactured via double emulsion and the effect of processing
parameters on resulting microsphere size

Microspheres producedia controlled stir tankeactor (CSTR) are formed witlwale distribution of
sizeswithin a single batch, witlinterconnected pores throughout the material (Figutd). Porous
microspheres with a disperse microsphere size distribution were prepared by double emulsion of
photocurable HIPE to produce a W/O/W emulsion which was then photocured. A large volume of
water was stirred continuously and the HIPE was added dropwise over several minutes. Micrographs
in Figure4.3ad displays microspheres at different sizes found from alsibgtch of microspheres
produced via double emulsion. Porosity can be found throughout the microsphere (Bigejen a

homogeneoustate and interconnectionare visible between the pores.
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% /

Figure4 4. PolyHIPE microspheres formed by the doublestomulechnique (w/o/w). EHA/IBOA blend
PolyHIPE material with 80% porosity and internally interconnected porosity between larger pgres. (a
d) SEM micrographs showing the range of sizes present in a microsphere population produced from this
technique. (eptical micrograph of a @im thick slice of a sectioned microsphere. It is possible to
observe the interconnectivity between the pores. Scale bar igrhd@ images.

Increasing the temperature of the water to which the HIPE was addeddened thedistribution of

microsphere sizes formed (Figut®). Microspheres formed at the lowest temperature 6C4had an

IQR of 125 to 285 um whereas the highest temperature of 60°C has an IQR of 275 to 922 um (an

increase of 305%). There appears to be a linear iseréamicrosphere median size over the observed

range of temperatures.Figure 45d presents the skewed distribution found all microsphere

populations in histogram form. It is important to note that a higher number of lower diameter
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microspheres does not oeelate to a higher total volume than a lower number of larger diameter
microspheres. When comparing Figut®&b and4.5c is can be observed the increased in diameters
found at the higher temperature but the consistent spherical nature of the mi¢resgsat the lower

temperature.
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Figure4.5. The effect of temperature of the water to which the HIPE is added to, on microsphere size
distributions from the double emulsion technique.Thg effect of the water temperature during the
process microsphere diamee. Higher temperatures resulted in higher microsphere average diameter
and broader distributions of microsphere size. For all temperatures the stir rate of 320 rpm was used.
n > 72 particles per conditiofb) Optical micrograph of microspheres formeamhirdouble emulsion at

the 1£C condition. (c) Optical micrograph of microspheres formed at tt@ @dndition. Scale bar is 1

mm. (d) Distribution of microsphere diameters formed at the 4°C conditec17

109



Chapter4: PolyHIPE microsphere production
Temperature of the water to which the HIPEdslad to for formation of the double emulsion (w/o/w)
does not appear tampact the porosity of the resulting polyHIPE (Fig4ré). The pore diameter
analysis is conducted on the same microspheres as those analysed in £gdoe microsphere
diameter. kgure4.6a suggests no overall trend of the temperatim8uencingmicrosphere porosity.

Figured.6¢ again shows no observable trend in microsphere pore size between different temperatures.
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Figure4.6. Relation between pore diameter, measured in SEMognaphs of sectioned polyHIPE
material, formed at different temperatures during fabrication (WA9/ (a) Tukey boxplot of pore
diameter with varying temperature. Centre line corresponds to median size, upper and lower box for
upper and lower quartile reggtively, lowest bar for lowest datum still within 1.5 IQR of lower quartile
and upper bar for highest datum within 1.5 (IQR) of upper quartite.104.(b) SEM micrograph of
sectioned polyHIPE with porosity formed &G 5scale bar is 50m. (c) Same da as (a) but displaying

the data as a histogram for clearer observation of pore size comparison between different
temperatures.
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Both the median microsphere size and the width of the size distribution decreased with increasing
stirring rate(Figure4.7). At the slowest stirring rate, the median diameter was 408 pm with a large
interquartile range (IQR) of 276 to 690 um. At the fastest rate the median microsphere diameter
decreased to 131 um (67% decrease) with a much narrower IQR of 81 to 166 um (808sa)edke
the slowest speeds microspheres begin to lose their spherical shape which observed id Figiuia
Figure4.7bi-iv the microspheres are spherical in shape and the overall decrease in microsphere size
can be observed between the images as thespeed increases from 350 rpm (Figdr&i) to 1500

rpm (Figured.7iv). A similar increase in average size can also be observed in the picture series.
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Figured.7. The effect of the stir rate applied to the water, to which the HIPE is added ticrosphere

size distributions from the double emulsion technique (w/o/w)B&) plot of effect of the stirring rate
when mixing the double emulsion on microsphere diameter. With increasing rate, the median diameter
of the microspheres is lower as is thistribution of sizes1 >800 per condition(b) Optical micrographs

of microspheres formegroduced at different stirring rates from the double emulsion. The largest
microspheres (which form at the slower rate) are less sphe¢ixgl350 rpm, (b ii)® rpm, (b iii) 1260

rpm, (b iv) 1500 rpm.
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4.3.3 Porous microsphere manufactured via microfluidics and the effect of processing
parameters on resulting microsphere size

A Tjunction microfluidic device was deviséd produce porous microspheres with a naw size
distribution, all of which contained interconnected poros{fyigure4.8). Uncured HIPE is injected into

a channel of continuously flowing water. Under stable conditions, droplets of a certain size bud off
from the injection needle. The droplethdén pass under the UV output of a mercury lamp which

photocures the HIPE. The resulting porous microspheres are then collected. These images also clearly

show that the exterior of the microspherésopen pored.

Figure4.8. Microspheres produced by thecnofluidic technique. The resulting microsphere population

is highly monodisperse. 3 SEM micrographs of microspheres produced by microfluidic technique,
microspheres can still be produced in different sizes (compare (b) to (c)) but are monodisperse
populations. (d) Optical images of a monodisperse microsphere population produced from the T
junction microfluidic. Here, microspheres vary from %86 (2 HmMp XY YR I @SNI
diameter. All scale bars are 10f.

Increasing the monomer flow into awstant stream of water led to an increase in the microsphere
diameter (Figurel.9). Here the flow of HIPE from the needle into a steady stream of water was altered
and the effect on microsphere populations was observed. The uniformity of the microsphereas

be seen in the optical microscope image in Figu& Increasing the monomer flow increased the
volume of microspheres produced by the system. A narrower distribution in microsphere size was

observed at the lower monomer flow rate compared to Shm{(Figure4.9b).
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Figure4.9. (a) The effect of both water flow rate and monomer flow rate on the resulting size
distributions of microsphere size formed from a microfluidjan€tion device. Higher monomer
dispersion rates produce a greater volumerafrospheres per unit of time.> 192 per conditior{b)

Same data as (a) displayed as a histogram. Microsphere sizes are produced in distinct distributions of
size.

Increased flow rate of water, to which the HIPE was injected ddoreased the averagaicrosphere
diameterdramatically at lower speeds but had diminishing returns as flow rate was increased further
The effect of water flow rate on the microsphere size and size distribution is shown in Eig0re
Except forthe slowest water pump ratele5 ml/hr) the range of the microsphere size distribution
appeared constant irrespective of pump rate. At higbleeeds|essvariationis observed between the
size populations, although there is still a slight difference. 745 ml/min was the fastestpgémd she

pump could achieve with the setup.
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Figure4.10. The resulting microsphere size distributions produced when altering the rate of water flow
through the microfluidics -unction while keeping monomer flow rate steady. Increasing the water
speed reuced the median diameter. Similar microsphere distribution sizes are observed in all speeds
except for the slowest rate (125 ml/mim)> 63 per condition.

The combination effect of water speed and HIPE monomer flow rate can be combined to produce
different microsphere populations. Increasing watate decreases microsphere size aratikasing
monomer flow also decreases microsphere size. At 5 mil/hr HIPE flow rate and a water speed of 100
ml/min a comparatively large microsphere size distribution is olesgir Between 3 and 5ml/hr HIPE

rate at 200 ml/min water speed the two microsphere populations are approximately similar in size

distribution and median microsphere size.
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Figured4.11. The effect of both water flow rate and monomer flow rate on the riegugize distributions

of microsphere size from a microfluidigufction device. Decreasing monomer rate and increasing
water flow both allow the formation of smaller microspheres with the inverse having an opposite effect.
n > 118 per condition

Utilising smaller internal diameter dispensing tips decreased the median microsphere size in
comparison to larger dispensing tips. The size distribution between 250 and 510 um is similar whereas
the size distribution at the smallest tip diameter is larger. Michesps over 1 mm in size were formed

from the 510 um dispensing tip and microspheres down to 400 um formed from 150 um dispensing

tips.
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Figured.12. Relationship between altering the internal diameter of the dispensing tip and the resulting
change in ricrosphere size distribution of microspheres formed in a microfluiflinction device.
Utilising smaller internal diameter dispensing tips decreased the median microsphere size in
comparison to larger dispensing tips. It was possible to form very laiggespheres with the larger
dispensing tipsn > 15 per condition

4.3.4 Direct comparison of both manufacturing techniques on microsphere pore size,
diameter distribution and structure

Despite the differences between the two porous microsphere productiathods, it has been
demonstrated that they both produce microspheres containing internal pores of similar size, and
distribution (Figuret.13a). SEM images of a thin section of a microsphere prepared using a microtome

(Figure4.3b-c), show that the porosytis consistent throughout the whole structure. A small difference
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in pore size can be observed; the microspheres prepared by double emulsion contain a larger number
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Figure4.13. Comparison of the effect from production techniquetherinternal porosity of polyHIPE
microspheres from the same HIPE monomer batch. (a) Spread of pore diameter of microspheres formed
from microfluidics and double emulsion compared on a histogram.1474 per conditior{b) SEM
micrograph of a sectioned iorosphere formed via the microfluidicjuhction device. (c) SEM
micrograph of a sectioned microsphere formed via the double emulsion method. Scale bauris 100

for both micrographs.

Microspheres produced by th€STRechnique produce a disperse range sizes whereas the
microfluidic technique produces microspheres with a size narrow size distribution (Bigdje SEM
microscopy was carried out to analyse the overall microsphere shape and microsphere pore size
(Figure4.14). The bar plot in Figudel4(a) summarises the size distribution. All microspheres exhibited

open surface porosity along with smaller irqgwre windows connecting larger pores.
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Figure4.14. Comparison of the distribution of microspheres sizes formed from both technigues with a
similar mean microsphere size. (a) Graph showing the microspheres from the microfluidic technique
(narrow size distribution) with microsphere sizes from the double emulsion (broad size distribution).
676 per conditionlb) SEM micrograph of polydisperselyptiPE microspheres formed via double

emulsion. (c) SEM micrograph of microspheres formed via a microfljigictibn.Scale bars are 100
pm.
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4.4 Discussion
This chapter investigated the parameters and methods that can be used and altered to control

microsphere median size and size distribution. The use of porous microspheres in tissue engineering
requires control over the microsphere size and the pore size arising from the method of manufacture.
This tight control is necessaty produce microspheréased scaffolds with reproducible properties
which can be used as injectable scaffolds. Producing microspheres with specific morphological
properties allows rational design of scaffolds by altering the total available surface area and changing
the void sizedetween microspheres to control substance diffusion. Porosity is required in tissue
engineering constructs to allow the ingrowth of cells and the diffusion of nutrients into the scaffold
[93]. The surface porosity of a polyHIPE can also influence the cell attachment and cell differentiation

of cells, such as hBMP cell310.

The polyHIPEnaterial contains biologically relevantlgnicro and nanaoscale porosity. Nanecale
features, including porosity, have been found to increase cell attachment and influence cell behaviour
[279 28(]. The larger pores found in the polyHIPE material allow cells to grow in a 3D environment. A
3D environment alters the behaviour of cells when compared to 2D culture of the same mi@edal

This is due to the biological similarity of 3D environmemeitro to the actual biological niche of the

cell in the body and its 3D environment. If a surface feature is too large it will be interpreted by cells
as a 2D environmen{800. The pores in the polyHIPE are between 2 tquiDin size, of which are

the carect scale to act as true 3D environments.

The interconnectivity shown in Figuéel would facilitate the exchange of nutrients and waste removal

for cell culture[262]. Interconnectivity smaller than the size of a cell st allow passage of the cell

due to a rearrangement of its cytoskeleton. This process is highly dependent on cell type and on cell
mobility for example keratinocytes have been reported to squeeze through gaps only 500 nm in

diameter[311] while osteoblasts are reported to require larger pores (~40 pn)rigrowth[312].

Both temperature and stir rate were found to affect the diameter of pores fdrduring the initial
emulsionstep (w/o) The effect of stir rate on microsphere size becomes negligible at faster speeds
and greater at the lower speeds. It is expected that larger changes in speed would be required to
observe further changes. The effeat water temperature on the pore size distribution was also
investigated. Lower temperatures formed smaller pores whereas higher temperatures formed larger
ones (Figure .2). Less variation was found between 15 an@CGthan 4 and 1%& in a similar patter

to that observed in the stir rate experiment.

Larger voids and interconnecting windows in the PolyHIPE can be created through a controlled
destabilisation of the emulsion by increasing the temperature of the droplet pha88°@{313. The

emulsion stability is dependent on a range of factors including the temperature during both the HIPE
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formulation and polymerisation stag247]. This elevated temperature will increase the kinetic gyer
of the molecules in both phases. This has a double effect on the emulsion destabilisation to produce
larger pores within the PolyHIPE. The water molecules will increase their kinetic energy and will be
more likely to break through the barrier layehls, the viscosity of the continuous film will be

decreased, making it more fluid like and prone to destabilisation.

Both temperature and stir ratanfluencedthe resulting microsphere siz&ith CSTR microsphere
manufacturing Increasing the stir rate redad both the median pore size and the size distribution of
the PolyHIPE microspheres (Figdré). At the high stirring rates of 765, 870 and 1260 rpm, there was

a small decrease in the median microsphere size range. This is attributed to a small incetmseg

speed in relation to the total stirring speed, so the observed difference is minimal. Increasing the
temperature of the water to which the HIPE was added, had a significant effect on the distribution of
microsphere sizes formed Microspheres faunat 320 rpm at the lowest temperature of@ had a
narrow IQR whereas the highest temperature of@€Mas a much greater IQR (an increase of 305%).
There appears to be a linear increase in the median size over the observed range of temperatures.
Microspteres formed at the highest temperature of ®D were aspherical in shape, this was also
observed for microspheres produced at the slowest stirring rate (Figufe This can be clearly
observed in Figurd.7 where the microspheres are aspherical in shafpgpherical shapes formed
because of the short time frame between the end of mixing where the HIPE is broken up into droplets
and the rapid photocuring of the monomer. The water was still moving around in the beaker when the

microspheres were cured causitige resulting distended shape to be formed.

Microspheres at larger sizes (greater than 800 pm) began to deform in shape regardless of
temperature or stir rate. This maximum spherical microsphere size has been reported to be dependent
on the viscosity of ta HIPE materidl302]. To aid in the formation of microspheres from higher
viscosity emulsions many labs have reported that water may be replaced with @éeabfitpolyvinyl
alcohol[273.

Pore size remagd independent on microsphere sizedit can be observed (in Figudeda & b) that

both the smaller microspherand larger microsphere appear to contain surface porosity of similar size.
The pore diameter did not alter significantly within the microspheres, regardless of the stirring rate of
the water or the water temperature as also been reported by Boo §@l]. This allows pore size to

be controlled independently of conditions used to affect microsphere #ize.of note that internal

pore size distribution can be cawnlled independently to the conditions used to control the
microsphere size. There was no significant difference between the internal porosity when the emulsion
was subjected to different water stirring rates, or water temperature, during the w/o/w fabidoa
process. These observations concur with the results reported by Bod307#&l This allows pore size

to be controlled independently of conditions used to &umicrosphere size.
121



Chapter4: PolyHIPE microsphere production
While it is more difficult to produce a defined microsphere size distribution via the double emulsion
method, it is possible to approximately control the median microsphere $tze process is however
very sensitive to changes in tleavironment, such as temperature, as well as the nature of the CSTR
The microsphere sizes produced at a particular stir rate appear to form a skewed distribution, as also
noted by Zhang et 4lL30]. Other groups similarly reported that the average microsphere diameter

decreased with increasirglirring rate[263, 264].

When utilising the microfluidic manufacturing method, it was possible to produceoepberes with

a narrow size distribution and to control the median microsphere giltéhree parameters, monomer

flow rate, water flow rate and dispensing needle internal diameter all played-adgpendent roles in
controlling the microsphere size digiutions and median size. Both the HIPE monomer flow rate and
water speed can independently control the PolyHIPE microsphere size. It can be decreased by either
increasing the water flow rate, or by decreasing the monomer injection rate. From Hdiird is
possible to use the combination of parameters to create a microsphere population with a median

anywhere between 500 and 280 um.

The TFunction fabrication technique produced excellent microsphere size distribution for the
EHA/IBOA polymer blend, howenit may not be the best methods for less stable polyHIPE solutions.
SungWook Choi etl. showed that their HIPE began to separate out into multiple phases soon after
formation[314] and this phase separation was exploited to produce microspheres with variable pore
size. Oer time the emulsion gradually destabilises as the suspended water droplets merge together
to form larger ones in a process known as Ostwald ripefdhf]. This is less applicable in the CSTR as
it is a batch process where only small volumes of HIPE are used at any ondnéreégre fresh HIPE

can be made up at regular intervals.

Changing the water flow rate was the simplest method of altering microspheravbiite the most
difficult was changing the pipette diametegLhanging the monomer flow rate was effective but it took

the system a longer period of time to regain stability due to the viscoelastic nature of the monomer
causing a gradual change in the flow rate. Changing the water flow rate had an instantaneous effect
on the microsphere size. The most difficult parameterchange during an experiment was the
dispensing tip as this required the experiment to be halted and exposed to light, risking accidental
photocuring. While changing both water flow rate and dispensing tip diameter the volume of
microspheres produced i®nstant. When changing thmonomerflow rate the total yield igffected,
producing smaller microspheres often required low monomer flow rates, greatly reducing the yield
over a certain period of time. However, these are only of concern when establist@ngitrosphere

size.
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At high monomer injection rate and a slow water speed, a large microsphere size distribution is
observed. At faster monomer injection flow rate at and faster water speed, the microsphere
populations are approximately similar in theizes distribution. The larger distribution is caused by the
flow being too slow for thevolumeof monomer that was being expelled from the dispensing needle.
Especially at the slower speed the peristaltic pump had a very noticeable (slow) peristaltiatfiem p
which allowed monomer to bud off from the dispensing tip at greatly different quantities depending
on the local flow conditions and the volume of monomer waiting to be removed from the dispensing
tip.
The narrow distribution of microspheres sizesnied from TFjunction microfluidics allows greater
control over the scaffold as a whole. This is important for delivery as the microsphere size will dictate
the bore size of the injection needle, and a narlpwontrolled microsphere size distribution will
ensure no blockages will occur from unexpectedly large microspheres dojaagion or bioprinting.
Additionally, controlling the microsphere size allows the control of the spacing between microspheres
when packed together. Controlling this packing arrangat would allow control over nutrient
diffusion and could induce or inhibit angiogenesis (through lack of large enough spaces for blood vessel
formation). Monodisperse spherical microspheres present a maximum packing density of 74% (with
hexagonal or cub close packing) while a polydisperse microsphere distribution allows for a higher

packing density309].

For bothtechniques,the internal pore size distribution can be independently teolfed to the
conditions used to control the microsphere size. There were small differences between the internal
porosities when the emulsion was subjected to different water stirring rates, or water temperature,
during the fabrication process. These obh&dions concur with the results reported by Boo ef307].

The slight difference observed in Figdr&3 is not of great importance for cells as the pore sizeishv

are different (4 and 6 pm) are unlikely to be colonised by cells. The larger pores which are more
relevant to cell behaviour are mostly equal in frequency. This statement should not be confused with
interconnecting porosity in which pores of 4 and ® gould be essential for cell passage between

larger pores.

There is a clear difference in surface pore architecture of the microspheres produced by the two
methods. In the CSTR method the emulsion droplets are continuously surrounded by water while in
the T-junction microfluidic seup the emulsion is dispensed through a small diameter 0.55mm)

metal syringe which wilihfluencethe surface porosity of the HIPE. Both the small diameter of the
syringe and the contact of the HIPE with the me&h have an effect on the final surface porosity of

the produced polyHIPE microspheres. Indeed, the surface porosity of polyHIPEs is highly affected when

curing them on different surface energy materiglsQ.
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Both broad ad narrow distribution sizes could desirable depending on the requirements of the
application.Microspheres produced in a broad distribution of sizes would allow for a higher random
packing density which could reduce the size of the voids between micrasgltars would reduce the
space available for vascularisation to ocd®16]. For microsphere populations featuring a
monodisperse size distribution, the lower padkidensity would allow the engineering of pore
diameters between the microspheres to best manage the void size between adjacent microspheres. It
is possible to precisely control the size of the microspheres prepared using the microfluidic device by
small alerations to the processing conditionsWhen increasing the HIPE dispensing rate, the
microsphere size distribution does increases slightly. This is therefore not the parameter
recommended for controlling microsphere size as water pump rate and needeéprovide better
control with less size variation. It is worth pointing out however that the HIPE dispensing rate is linearly
correlated with the rate of microsphere production. Increasing the dispensing rate to increase yield of
spherical microsphereasppeared to work only to an upper limit before the size distribution increased
too much to be considered monodispersed. However Goketesl. found that when the monomer
dispensing rate is very high, long streams of monomer are ejected from the neediegéda rodlike

elongated shapefR264].
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45 Conclusion
Porous microspheres were produced using the EHA/IBOA polymer blend system. Microspheres were
produced in sizes from 40 um to 600 um. CSTR gndction microfluidics allowo produceboth
narrow and broad size distribution of mispheres, respectively. Changing the temperature of the
water after the formulation of the polyHIPE does not greatly affect the pore size but has a dramatic
effect on the microsphere size in CSTR. This allows porosity to be engineered independently of
microsphere size, and allows for tailoring of the porosity parameters. Altering the stir rate of the w/o
emulsion changed the pore size within the polyHIPE and altering the stir rate of the continuous water
phase in the double emulsion (w/o/w) altered the misphere diameterThe use of microspheres in
tissue engineering requires control over the microsphere size and the porosity dimensions. This tight
control is necessaro produce microspherdased scaffolds with reproducible properties which can
be used a injectable scaffolds. Producing microspheres with specific morphological properties, surface
area, interconnectivity and packing arrangement will allow for customisation over the range of

porosity parameters towards a tailored porous support structunecills.
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Chapters: Cell culture on EHA/IBOA polyHIPE microspheres

5.1 Chapter aims:

1. Measurecellgrowth and behaviour wheoultured on microspheres.
2. Test for differentiation of osteoblastwhen hESVIP cells are cultured on the microspheres
3. Analysethe cell mediatedggregatiorof microspheres into a prottissueover time

4. Measure thecell ingrowth into the microsphereand determine the differentiated cell type
found within the pores

5.2 Introduction

5.2.1 Chapter introduction

Chapter 5 investigad the manufacture of porous, nesegradable polyHIPE microspheres. A variety
of median diameters and population size distributions were produced in a controllable manner. The
polyHIPE microspheres contained small interconnecting windows between the fages, allowing

for completely interconnected porosity within the structure. Within this chapter the potential of these

microspheres was investigated for bone tissue engineering.

5.2.2 Human embryonic stem cell -derived mesenchymal progenitor cells

Human enbryonic stem celtlerived mesenchymal progenitors (hE®) cells are derived from human
embryonic stem (hES) cellBhese cells were originally derived by multiple passages of hES cells on
gelatine whilst retaining the adherent cellBhey are very simitdo mesenchymal stem cells in terms

of the expression of markers and the cell morphol$g97]. hESMP cells are able to give rise to
populations of osteogeni817], chondrogeni¢318 and adipogeni¢207] cells.In the original paper

no markers of undifferentiated hES cells were identified in theMBSell populatior]207]. These

hESMP cells have been oken for this work for a number or reasons. They are of human origin, they
are a noncancerous cell line and they express the same markers as MSC cells and exhibit very similar

behaviour.

5.2.3 Mesenchymal stem cell s and their osteogenic differentiation

Differentiation alongan osteogenic celineagecan be characterised by the expression of markers,
composition of the ECM and cell morphold@L9. In vivo nesenchymal cells differentiate to pre
osteoblast cells, to mature osteoblasind then to either osteocytor to lining cell§320. A more
detailed review of the cell types can be found in chapter 2. These cells form part of the cycle of bone

remodelling by producing bon®steoblasts lay downolagen and mineral deposits and osteocytes
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act as monitoring cells and help regulate the remodelling process in response to mechanical

stimulation or damag¢197].

5.2.4 Media supplements used in the culture of bone cells

For thischapter,it is crucial to understand the dérent media used for the cell cultures. The different
media will be referred to by their assigned names throughout the chapter without reference to their
key components. These media formulations are commonly us#tkiliterature, but are sometimes
referred to by different labels. All the media are formed from a base of AMEM with human fibroblast
growth factor (hFGFRenicillinStreptomycinand l-glutamine.Details of concentrations used can be

found in the experimental protocols chapter (2.6.3)

Growth media: Basic media descridebove with the addition of hFGF. hFGF increése rate of cell
proliferation (mitogenic growth factor) and is used to help prevent the -WES cells from

differentiating[207].

Supplemented mediaBasic media with the addition bf D@andA2PRi Dis used as a phosphate donor
to enable mineralisation anahay havea direct effect on cell differentiation by influencing intracellular
signalling[321, 322]. A2Pincreases the volume and maturation of collagen deposited and increases

alkaline phosphatase (ALP) iaitl [323, 324].

Osteogenic mediaBasic media with the addition of D,tA2Pand DEX. DEX is usadhis media to
stimulate cellsalongthe osteogenic lineagB24, 325. Osteogenic media is supplemented media with
the addition of dexamethasondexamethasonds a corticosteroidand isusedin MSC systems to

stimulate the differentiation of osteoblast cells.
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5.3 Results

5.3.1 Culture and proliferation of hESMP cells on EHA/IBOA copolymer

Cell viability was compared on a flat polyHIPE surface both with and without a coating of adlylic ac
along with a gelatine coatindigure 5.1) Aresazurin assay was used to compare cell viability of hES
MP cells on flat sheets of material (porous and 1pomous). Samples coated with gelatine perfoune
similarly to uncoated samples and all samplestedavith poly acrylic acidpAA) were found to have

a greater cell metabolism reading (figubela). When comparing coated and uncoated polyHIPE
topology a significantly difference was observ&ignificat increases were observed at each time
point when comparing polyHIPEated withpAA (figureb.1b). There was no significant increase in cell
metabolism for uncoated samples of polyHIPE, even between day 1 and @alls/can be observed
growing onflat and poroussurfacesusing fluorescent microscopy on samples stained WithC and
DAPI(figure 5.1c & d). hESAP cells on the porous material can be observed growing in the pores

whereas on the flat sample the cells alengated orthe surface.
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HIPE Thinfilm HIPE thinfim HIPE no Thin film
pAAC pAAC gelatin  gelatin  coating plain
Materials and coatings
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Uncoated polyHIPE
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Figure5.1. hESVIP growth study using thin films with different topologies, diich half were coated

with pAA, and in which proliferation was measured indirectly via resazurin assay. (a) Graph showing all

conditions testedat day 7 (b) Same data as (a)rgph displaying the results of the polyHIPE samples
along with the TCP contralith growth over 7 daysSgnificant differencedetween samplesvere
apparentfrom day 4 and were repeated with the results from dag Bignificant difference was found
between coated and neocoated sampleSANOVA multiple comparispr{c) Confocal imagef hESVIP
cells growing on @oly acrylic acid coate@gbAAQ non-porous surface at 7 days in culture. (d) Confocal
z-stack of hE®MP cells growing on a pAAc porous (polyHIPE) surface at 7 days in cultuRh&ldi@in
(greeng actin) and DAPI (blue Nuclei) were used as fluokEnt stains for these sampleSNOVA<
0.0001 n =4, N =dData is mearx SD.
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After determining growth on 2D substrates hRE® cells were then cultured on microspheres coated
with acrylic acid to determine scaffold viability (figus€a). hESMP cell gowth was measured on
microspheres over 30 days using resazurin salt to measure cell activity at each time point. Cell activity
increased to day 11 after which the cell activity remained relatively condtemeontinuous statistical
difference was observetdetween the two mediums used to culture cells over the 30 dayEsvP
cells began forming bridges between microspheres which, over time, bound the microspheres to one
another (figure5.2b & c) Figure5.2c shows a fluorescent image of a 40 pm thick seetd sample
showing the cells attached to a microsphere after 30 days in culture. There is both a layer of several

celHayers deep surrounding the microspheres and cells within the internal porosity of the microsphere.
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Figure5.2. (a) hESMP cell meabolic activity for 30 days of cell culture on polyHIPE microspheres,
measured using resazurin salt assay. Cell activity increases until day 11 after which the metabolic
activity plateaus. Error bars + standard deviation (b) Confocal imasggack) of micospheres and hES

MP cells at day 11 stained with DAPI (blue) and-ptieloidin (green). Microspheres can be seenauto
fluorescing blue. By day 11 the microspheres were observed to have formed into a several large
agglomerations within the flask, of a ltenicrosphere structure. (c) Microspheres at the day 30
timepoint and stained as in (b) with microspheres fluorescing green. By day 30 a much larger cell layer
is visible under microscopy and the microsphere agglomerations are larger than at day 3NN =2

Graph data is meath SD.

Confocal stackimages shoviwo microspheres, one of which has cells bound to the surface and the

other does not (Figurg.3). The autefluorescence of the microsphere can be observed and compared

to a microsphere on whichESMP cells are attached. The microspheres were imaged alongside each

other and it is not obvious as to why one has many cells and the other has no cells bound to it.
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Interestingly, the presence of green fluorescence on the left most microsphere is dbsenthe
microsphere without cells. Villanueva et al. found that cellular debris didspeeifically bind with
Phalloidinwhich may explain thif326]. The stereoscopic 3D image in Figb@b provides asimple
way for a reader to view one of the cell covered microspheres in 3r8oas.To enable viewing

stereoscopic glasses are not required.

(b)

Figure5.3. Confocal stack image of cells attaching to the outer surfaces of the microspheres after 3
days in culture. Microspheres & RE® cells were stained with DAPI (blEE)Gohalloidin (green). (a)

Two microspheres, one without cells and one withMPSells attached to its surface. It is possible to

see some cells residing inside the surface porosity. (b) Sjepbic image of microspheres similar to

(@). It is possible to rebo@S 0060 Ayid2 | o5 AYIF3AS o6& ONRaaAy3
images overlay each other. If visualised correctly the images convey spatial 3D data not easily shown
using 2D images. More detailed instructions can be found online at
http://ww w.instructables.com/id/Howo-view-stereagraphicimages/?ALLSTEPS

5.3.2 Agglomeration of EHA/IBOA microspheres and hESMP cells which form over time
Further work was undertaken to examine the agglomeration formation more closely to understand
what might happen in-vivo. Confocal mstackswere takenof microspheres forming cell initiated

aggregations at different time points during the cultuffiigure 5.4). It is possible to see botthe
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increasing size of aggregations dhdincreasing numbers of cells and around the structures. Initial
formation of many smaller unifgormed froma few microspheresare observed. These smaller units
gradually combind to form larger agglomerations. After 30 days in culture only one or two entities
would be visible witin the culture flasks. These agglomerations were robust and could be easily
handled with tweezers without breaking apart. Cells were observed within the pores of the
microspheres, especially at day 60. This lead to the following experiments investigaiog/th of

cells into the microspheres.
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Day 3

Figure 5.4. Microspheres in culture with B8 cells over a 60ay time period. Initially many
aggregations of a few microspheres are found at day 3 and by day 60 all the cells have formed into a
single largestructure. Increased cell number on the agglomerations can be observed by day 60. Images
are confocal stack images of DAPI (blue) and HPR@lloidin (green). Images from the day 60 time
point are from 50 um thick sectioned samples. Cells appear todsemrwithin the porosity of the
microspheres at day 60.

SEM imagining of a sectioned microsphere agglomeration was examined to understand the structure
of the surrounding ECM (figui®e5). ECM buildup between cells and microspheres after 60 days in
culture can be observed ithe SEM imges The red line in Figurg5a shows the boundary of ECM
around the microspheres. The E@xtending between twanicrospheres together can be observed

in figure 5.5b and in false colour ifigure 5¢c. The ECM spans the diste between the two
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microspheres with a fibrous appearandéwas also possible to see biological material within the

internal porosity which we further analysed using staining to asceitmidentity.

AccV SpotMagn Det WD Exp Pt 200 ptm
150kv30 176x SE 88 1 BMS Sheffield

(b)

Figure5.5. SEM images of 50 um thick sectiohpayHIPE microspheres fixed after 60 days in culture
with osteogenic media. (a) SEM image of a microsphere on the periphery of the agglomeration. The
red line indicates where the boundary of the cells/fECM extended to. The black arrow is indicating the
area imaged for figure 9. The yellow arrow is indicating an area between microspheres containing cells
and ECM material. The purple arrow is indicating the area outside the agglomeration. The blue arrow
is indicating a large pore over 60 um in diameter cegtdn cells. (b) SEM image of the ECM binding
two microspheres together along with the cells and ECM extending out beyond the microspheres. (c)
False colour SEM image of (b).

H&Estained sections of hE@P cell culture on microsphergat different time pants, can be seen in
figure 5.6 The histological staiRl&Ewas chosen to identify cell nuclei to determine if the biological
material within the pores contained cellBew cells are observed in the day 3 imagel many
microspheres are still independenBy day 15 cells surround each microsphenany are bound
together into small clusters (figu&6b). By day 3@ll the microspheres have combined into one single
structure andcells appear to have fullghabitedthe internalpores of every microspherdgure5.6c).
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