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Abstract

Producing therapeutic neural cell populations in vitro to treat neurodegenerative diseases
is a key aim of regenerative medicine. Various protocols have been developed to produce a wide
range of neural cell types in vitro, but the protocols are labour and resource intensive. Lower costs
will take the cell therapy closer to clinical adoption. Cell-material interactions can be used to
control cellular processes and behaviours in the place of expensive reagents. The thesis went
about developing superior materials to culture neurons in vitro by using simple surface
parameters. By using simple surfaces findings could be leveraged by incorporation in to other

materials, and protocols to culture neurons.

We have investigated the responses of primary neural tissue derived from rat ventral
mesencephalon (VM), interacting with a range of surface chemical functionalities and net
molecular properties by using silanes. Specific substrate functionality leads to higher ratios of
neurons, longer neurites and neurosphere spreading capacity. All of these characteristics indicate

a high neuro-regenerative capacity.

Next it became important to optimize the amine functionalised surface with the addition
of secondary amines in to the surface. The rational of adding secondary amines to the surface
would produce functionalities which have a closer resemblance to biological molecules. The
biomimicry in the surfaces provides extra scope for selective surface interactions to provide more
control over neural cell culture which could steer protocols away from the use of expensive

surfaces which are coated in extra cellular matrix molecules such as laminin.

Controlling differentiation with surfaces has long been an aim in regenerative medicine to
deliver productive production protocols. It has been shown that surfaces can induce

differentiation of stem cells; however there is little control where stem cells and adult cells are



simultaneously cultured. To achieve controlled differentiation of neural stem cells a surface
gradient of amine polymer lengths, and polymer densities. That is in contrast to the surfaces used

in previous chapters which had homogeneous presentations of surface chemistries.
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Chapter | — Introduction

Chapter |

1 Introduction

Biomaterials have a long history in medicine where clear improvements have been
delivered with patients lives. The earliest example of success were total hip replacements
pioneered by Sir John Charnley at Wrighington centre for hip surgery in the early 1960s.
The intervention replaced the arthritic joint with metal/plastic implant cemented into the
patients bone stock (Gomez and Morcuende, 2005). The implants were functional at the
anotomical level where mobility was restored in patients, but the implants were inert at
the biological interface. At the time it was probably a good thing because inflamation was
poorly understood. Six decades later the bold new frontier for biomateials is with
regenerative medicines and cell therapies, but success for biomaterials in this area will
require materials to be active at the biological interface (Ratner and Bryant, 2004).
Regenerative medicine will use transparented cells and cellular constructs derived from
stem cells to treat diseases and injury.

Regenerative medicine has some challanges which need to tackled such as
consistency of results, overuse of expensive rare chemicals, complex protocols which
makes scalabilty challanging, useful and ease of analysis. All these issues can be solved by
designing better biomaterials which can be engineered to be: cheap, do tasks such as
enhance migration, and enhance the activity of other components. To address the
problems important early goals include:

1. Find the simplest biomaterial parameters/characteristic which when manipulated will
causes changes in cell response.

2. Find the best way to present chemical characteristics on a biomaterial.

3. Vary the chemical characteristic on a single surface to direct changes in cell response

simultaneosly.
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Biological Surface Interface

1.1.1 Protein Adsorption

The biomaterial/biomolecular interface controls the resultant cell response,
because cells have specialist components for surface interactions such as extracellular
matrix and adhesion molecules. Controlling the biological conditioning of biomaterials is
the simplest way to achive cellular control with a surface. Proteins are 3D biological
macromolecular polymers composed of 20 different amino acids in different abundances
these present a range of chemical properties, and can be hydrophilic (postive or
negatively charged at physiological pH) or hydrophobic. (Figure 1.1). Short polypeptide
specific binding sequences are found in larger proteins, and adhesive sequences include
Arginylglycylaspartic acid (RGD) (Ruoslahti, 1996). From the protein’s chemical properties
interactions with the surface can be engineered. The myriad of protein functions come
from the fluid structures because proteins are amphiphilic macromolecules. In contrast
most man-made polymers have a repetitive structure (excluding catalysts) the function is

dependent on composition.

1 2 5 6

SH Y
| 0 :

H,C I ) o ‘ % 4
| —N

H—C—NH, | \ \ ~
|

0=C H \
OH .

4

Figure 1.1 - The protein heirarchy in life. 1 is an amino acid (cysteine) which is the monomer unit of a
protein. 2 is a peptide bond which links amino acids. 3 is a polypeptide which is the primary structure of a
protein. 4 is the alpha helix which is a secondry structure. 5 is a beta sheet which is also a secondary
structure. 6 is a teritary structure of a protein which combines primary and secondary structures.
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1.1.2 Physical Science of the Biomaterial Interface

Engineering of the surface at the nano scale has highlighted how protein
adsorption can be controlled, obeying physical laws to form mono- or multilayers, also
impacting on the structure of the adsorpbed protein molecules (Roach et al., 2005). Most
cell culture medias contain proteins, so controlling protein adsorption through designed
surface engineering will rapidly lead to improved biomaterials with specific biological
activity. Selectively absorbing proteins from biofluids can therefore improve biomaterial
performance, through directing cell response. Interactions between proteins and
biomaterials usaully centre around intermolecular bonds which depend on chemical
characteristics. Therefore, key interactions between biomolecules and a surface should
be considered in order to optimise the surface’s biological performance. These will
include, but are not limited to, the defined chemical and nano-topographical
charcteristics, presenting charged and hydrophilic/phobic regions. Chemical interactions
exist in form of discrete and formal bonds/ interactions, ranging from coulomb
interactions to hydrogen-bonding. Synergistically these play a role in determining how
protein molecules bind, and how their structure is presented in the adsorbed layer.

Coulomb interactions are defined as formal presentation of charged chemical
groups, meaning that a negative molecule will be attracted to a positively charged
surface; likewise a repulsive interaction will be observed between a positively charged
biomolecule and positively charged surface (Dubiel et al., 2011) This concept was
explored by Finke et al., 2007 where the authors compared positively charged amine
surfaces to natural negatively charged hyaluronan coatings for osteoblast adhesion. The
number of focal adhessions was enhanced by on positively charged surfaces.

Another consideration is that a biomolecule will interact with a surface based on a

similar priniclple of wettability; which provides a simplistic measure of water interaction.
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The most common measurement of hydrophobicity is water contact angle which looks at
how a solvent behaves on a surface. General rules for wettabilities and protein adsorption
were established by Whiteside’s team in the late 1990s (Sigal et al., 1998). Small proteins
tend to adsorb on to hydrophobic surfaces and the larger proteins tested (pyruvate
kinase, fibrinogen and y-globulin) also adsorbed best on the most hydrophobic surfaces.
Hydrophillic surfaces tended to be more resistant to protein adsorption. On tissue culture
plastic which is hydrophilic (WCA 56°) (Chang et al., 2005), serum albumin readily adsorbs
(Curtis and Forrester, 1984).

More generally, wettability can be used to describe how extracellular matrix
(ECM) proteins interact with a surface, impacting directly to interface with cells. Surfaces
of median wettability are known to better support protein adsorption, and therefore
positively support cell adhesion (Sousa et al., 2005). Very wettable surfaces such as
poly(ethylene oxide) (PEO) are, however, strongly resistant to protein adsorption due to
the hyper-hydrated polymer brush-like structures preventing ‘attachment’ of the protein
to the surface — this is particulrly evident under flow conditions (Jeon and Andrade, 1991)
(Harder et al., 1998). Likewise, very hydrophobic surfaces show a similar effect (Koc et al.,
2008). Wettability of a biomaterial is a very simple defining parameter of surface

characterisitcs, but it has major impact on biomaterial performace.

1.1.3 Dynamics of the Interface

The biological interface is highly dynamic, with many considerations needing to be
addressed to understand the mechanistic detail of the events occuring. There are
numerous events working simultaneously, with many thousands of proteins/species
competing for vacant surface sites. In a multi-protein system, such as a biological mileu,

the surface changes over time as the material is goes through a so-called ‘conditioning’
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process. Surface characteristics such as chemistry and nanotopography have been well
documented to influence the adsorbing protein layer. The complexity of biological fluids
drives adsorbing species competition for surface sites. This means that the composition
of the adsorbed biolayer can be dictated by engineering the surface accordingly.
The stages of biological conditioning are described by (Roach et al., 2007):

1. Rapid hydration of the material (nanoseconds)

2. Protein conditioning (seconds to hours)

3. Cell/bio-interface interactions (hours)

4. Remodelling and integration with the host (days to years)

Koc et al demonstrated that nano-topography had a major influence on the ability
of protein molecules to adsorb to a surface, with nano-hairs preventing adsorption,
particulaly under flow conditions. (Koc et al., 2008) Further, the authors demonstrated
that the surface chemisty acts synergistically with topography at this length-scale, with
more hydrophobic chemistry giving rise to negligible protein adsorbed under flow.
Others have shown in static systems that the binding affinity of proteins was lower as a
result of nanotopography, but the absorption was very high on hydrophillic surfaces
(Scopelliti et al., 2010). The packing and conformation of proteins has also been shown
to be strongly influenced by surface nanotopography (Roach et al., 2006).

When coming in contact with a surface, proteins can denature, conformationally
distorting to present native interior cytptic domains to the external environment. New
hydrogen bonds can form in the new denatured protein conformation when previously
there were weaker interactions (Roach et al., 2007). A functional study of the effects of
protein adsorption and protein conformational changes was made by Roach et al.

Bovine serum albumin (BSA) was found to adsorb in a one-step process, while fibrinogen
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adsorbs in a multi-step process. Which means the adsorption process for target
molecules should be considered for biomaterial design.

Vroman was the first to demonstrate the highly changeable nature of the
biological interface. (Vroman et al., 1980) Using two proteins having differing affinities
Vroman demonstrated how low affinity fibrinogen was displaced by the heavier high

affinity kininogen (Figure 1.2).
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Figure 1.2 — A schematic showing the Vroman effect. a) hydration of the biomaterial surface with biofluid,
b) biomaterial surface is first condition with low affinity highly mobile small proteins, and c) low affinity
highly mobile small proteins are displaced by larger higher affinity proteins.

Competitive protein adsorption has been assayed with an osteoblast cell line (Wei
et al., 2009). The influence of wettability was assessed for albumin and fibronectin,
showing clearly that only the latter adsorbed well to both.

Fibronectin covered hydrophobic surfaces promoted osteoblast adhession, and to
compare all albumin coated surfaces did not promote osteoblast adhession. Which is a
manifestiation in cell response to chemical characteristics at the interface.

Cells respond in many ways to biomaterial conditioning. Osteogenic lineages are
known to be responsive to topology from work by Dalby’s team. Mesenchymal stem

cells were well retained on surfaces with a random arrangement of nanoposts
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(McMurray et al., 2011), and increased the expression of the strol marker. The
randomness may have benefited the cells because of a lack of clear poles, and the
immunocytochemistry shows that actin is in a random alignment which is a downstream
result of focal adhesions. The nanotopography made the surface more hydrophobic
(WCA 81-82°). Nanotopology has the effect of super-hydrophobicity called the ‘lotus-
leaf effect’ (Roach et al., 2008), which is the basis of biologically inspired materials.
Surfaces roughness enhances the differentiation of mesenchymal stem cells down an
osteogenic lineage (Dalby et al., 2007). A possible mechanism was highlighted in (Giam
et al., 2012) where dots of fibronectin were mapped to mesenchymal stem cell fate.
Arrangement of the dots controlled the cell shape resulting in changes to cell fate.
Microposts have also been shown to offer a slight raise in neural differentiation from
pluripotent stem cells (Sun et al., 2014). One of the strengths was the integration of
synthetic surfaces into the methodology, but the techniques are highly complex which
makes the gains in differentaition marginal.

Control of the biological conditioning process is critical for the early cellular
colonization process. Being able to control the condition would enhace the role for
biomaterials, because colonization governs future cell attachment, cell proliferatation,

and cell differentiation.

1.2 Cell Adhesion

After biological conditioning of a biomaterial cells will remodel the enviroment.
Mammalian cells adhere to a surface with a variety of adhesion molecules in a

receptor/ligand interaction, and cells will stick to each other through extra-cellular matrix
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interactions. Adhesive molecules often have secondary functions in cell signalling and
proliferation, so further highlight the importance of the cell surface interface.

Integrins and cadherins are the main adhesion molecules which attach cells to
surfaces, and each other. Integrins are well studied cellular adhesion molecules present
on most cells, and composed of an a and B unit. The role of integrins is not just for
adhesion, communication messages with neighbouring cells can occur when integrins
carry messages in-and-out of cells (Hynes, 2002). Cadherins are calcium dependent
transmembrane cell adhesion molecules. Cadherin are transmembrane proteins which
are calcium dependent and link cells together with the extracellular region. Cadherins
play roles in cell communication and morphogenesis through the cytoplasmic region
(Angst et al., 2001), and also cadherins are spescific to tissues. E-cadherin which was first
discovered in the 1980s (Hyafil et al., 1981) is common in endothelial cells, in contrast

neural cell adhesion molecule (NCAM) is common to neurons.

1.2.1 Extra Cellular Matrix

The ECM provides a chemo-mechanical surrounding connecting cells in most
tissues, consisting of proteins including: laminin, collagen, fibronectin and vitronectin. The
ECM has been exhaustively studied in terms of roles in neuroscience in cell migration,
connections and structure of tissue.

The ECM is not a static entity because in processes along with cell migration, cell
differentiation where tissues change shape through development, and specific to neurons
synaptic strengthening/weakening (synaptic plasticity) (Dityatev and Schachner, 2003);
the ECM is constantly remodelled in vivo, as well as during in vitro culture. For example,
fibronectin is degraded in neural outgrowth because ECM is important as scaffolding in

neural development (McGuire and Seeds, 1990). The findings have highlighted a new
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target to prevent brain-injury which would be matrix metalloproteases, and their inhibits
to prevent loss of neural connections in brain injury (Muir et al., 2002).

The ECM provides a chemical signaling enviroinment, wherein concentration
gradients of proteinaceous species dictate positional information for cells, directing
migratory effects such as axonal projection. Tissue architecture is therefore developed in
this way, with cells migrating long distances to reach their target site (Emerling and
Lander, 1996). Laminin has been shown to provide a cue for axons to extend and
glycosaminoglycan (GAG) heparin sulphate as an migratory inhibiton, defining a cortical
boundary in brain development. Emerling and Lander studied the portioning in slice
culture where the partitioning of developing cortical lamellae was impacted by enzymic
digestion of heparin sulphate, because there was innervation through the lamellae
partitions. Heparin sulphate has also been demonstrated to control differentiation
processes of neural stem cells (NSCs) (Nurcombe et al., 1993). Acting as a cofactor for
mitogens including FgF1 & FgF2, the heparin sulphate surprisingly does not alter the
conformation of FgF (Faham et al., 1996). One may expect that the highly charged
heparin sulphate would interact strongly when binding to the FgF, and therefore cause a
conformational change; this is not observed. Other studies have revealed that the heparin
sulphate binding domain on FgF2 has a higher affinity for heparin sulphate (Naimy et al.,
2011), highlighting that the charge of the FgF-heparin complex is important for cell
receptor interaction.

A cells matrix takes part in various process, and some of which will not work
without the ECM. Making the biomaterial conducive to cellular remodelling of extra
cellular matrix will result in the physiological functions and architectures being
established with less problems. To achive that specific features of the ECM have to be

understood.

10
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1.2.2 Laminin

The laminin component of ECM has been the gold standard for the culture and
differentiation of neurons for two decades (Drago et al., 1991). The reason is because
laminin contains various epitopes which direct cell response (Table 1). Laminin is at the
basement membrane of developing tissues from which other ECM molecules bind to
(Timpl et al., 1979). It is a large glycoprotein typically with a size around 900 kDa,
presented in a ‘cross’ shape morphology (Beck et al., 1990). There are 15 laminin isoforms
(Table 2), composed of variants of a, B & y chains (Miner and Yurchenco, 2004) which are
bound by disulphide interactions giving laminin its distinct shape (Figure 1.4) (Cooper et
al., 1981). 15 genes encode for the laminin subunits and in mouse knockouts for y1
subunits are lethal (Smyth et al., 1999), demonstrating the importance in development
through lethality of knock-outs. Table 1 lists specific motifis which control nearly cell
functions including: cell adhesion, stem differentiation and morphogenesis (Malinda and
Kleinman, 1996). The expression of laminin and trafficking in the ECM is complicated, in
contrast stationary cells such as keratinocytes laminin was expressed in a rosette pattern
or in fribiular trials for migratory cells (Sehgal et al., 2006).

Xenogeneic and recombinant derived laminins have been used extensively for cell
culture by enhancing cell attachment and spreading. In 1980 laminin was shown to
enhance the attachment of the PAM 212 line of mouse epithelial cells compared to
basement collagen (Terranova et al., 1980), also the authors highlighted specificity for
certain cell types. Terranova et al demonstrated that laminin enhanced migration of
polymorph nuclear neutrophils, whilst fibronectin inhibited migration (Terranova et al.,
1986). This is an important insight showing that migration of cells is influenced by ECM
proteins. In the late 1980’s laminin was shown to cause axon extensions in Rugli human

glioblastoma cells (Goodman et al., 1987). Goodman found latter that cell attachment

11
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was driven by the Arginine-glycine-aspartic acid (RGD) peptide sequence which is the
epitope for alfB1 integrin (Goodman et al., 1991). Cell culture of primary derived neurons
was becoming far simpler and in the early 1990’s laminin was shown to drive
differentiation of primary murine mesencephalic neurons (Drago et al., 1991). The
technique described became a gold standard in neural cell culture demonstrating that the
surface (or biological interface) controlled neural differentiation. This has therefore been
the gold standard for neural culture, when previously diffusible nerve growth factor (NGF)
had been used to differentiate a neural cell line (Matsushima and Bogenmann, 1990). The
effect of other ECM molecules including fibronectin and gelatine (hydrolysed collagen)
were compared to laminin for embryonic stem cell derived neural precursors (Goetz et
al., 2006b). The hypothesis was that areas of the brain are partitioned by different ECM
molecules (Garcion et al., 2004). Neural stem cell fates were steered depending on which
ECM protein was used to coat the surface. The findings were echoed in a similar
publication which showed that laminin and fibronectin would stimulate the migration out
neurospheres compared to other ECM molecules such as chondroitin sulphate
proteoglycan (Kearns et al., 2003). The role for laminin in neural differentiation in vitro
was shown in two publications where the colonization of laminin coated slides was
characterised. The first the stages of neural differentiation were characterised in (Jacques
et al., 1998). It was demonstrated that when a neurosphere comes into contact with a
surface the first indicator of maturation is the first neurons migrate out in a process called
chain migration (Jacques et al., 1998). This is stimulated by integrin alpfl and a6pB1,
where the epitope can be found on laminin. Maintenance of neural stem in neurospheres
is maintained by laminin 1, 2, 4 and 12 in a laminin rich environment (Campos, 2004).
These laminins have peptide ligands corresponding for the B1 integrin. Laminin is

considered essential in many of the neural differentiation protocols (Risner-Janiczek et al.,
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2011)(Kriks et al., 2011a). The reputation has been earned, but expense and scaling
problems have not been addressed. Arrays of ECM combination coated coverslips were
tested in Nakajima et al. 2007 in an attempt to screen for optimum combination surface
coating for neural differentiation. Fibronectin and laminin caused neural differentiation
and were capable of other tasks when combined with soluble signals including NGF and
EGF. Recently laminin-10 (a5B1y1) has shown to be effective at retaining pluripotency in
hESCs and iPSCs (Rodin et al., 2010). A clear advantage of the surface was the ability to
retain karyotype stability in the pluripotent cell lines. The authors showed with antibody
blocking that the a6B1 integrin was driving attachment to the surface. Numerous
applications have been demonstrated by the use of laminin, but the disadvantages are
the expense repeatability and lack of flexibility which are massive problems with
scalability in medical translation. Another indirect problem is that the laminin tends to get

used in complex protocols, so lots of exspensive reagents do not get used in an optimal

way.

Laminin o Subunit § Subunit y Subunit
Figure 1.3— (1) Laminin’s cross shaped structure (2) Laminin polymerization

Laminin plays an important role in the structure of tissues in vivo, because of the

interactions with other ECM molecules. Which could be a possible reason for the laminin
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coated surfaces as a gold standard for culturing cell types, because it is conducive to
cellular remodelling. Electron microscopy in the 1980’s was used to show that laminin
specifically interacts with type IV collagen (Charonis et al., 1985). The laminin interacts
with any of its globular domains with COOH-terminal non-collagenous (NC1) domain on
collagen. Laminin can bind to other molecules in a process called laminin polymerization
which was first observed by Yurchenco et al 1985. Blocking of the globular domains on
the B chain can stop the polymerization process (Schuger et al., 1998). The amino
terminal is also important in the polymerization process (Hussain et al., 2011). The
polymerization of laminin is driven by calcium ions and the polymerization is halted with
chelating agents including ethylenediaminetetraacetic acid (EDTA) (Cheng et al., 1997).
Another interesting point about the chemistry of laminin is the interactions it forms with
growth factors. Fractones which are formed from laminin interactions with collagen
(Mercier et al., 2003), produce special catalytic sites allowing for the binding of bFGF to
heparin sulphate (Kerever et al., 2007). In these areas the bFGF is more potent causing
more proliferation of neural stem cells.

Laminin has an excellent track record, but has scalability problems. It is important
to take the best features forward, and to engineer in to optimal presentations for various

roles.
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2000) which range from roles in neural adhesion, migration and differentiation.

Subunit | Peptide Function Reference
Chain Sequence
all CSRARKQAAS Cell adhesion, neurite outgrowth Tashiro et al., 1989
IKVAVSADR Stimulation of metastasis, collagenase Kanemoto et al., 1990
production Vukicevic et al., 1990
Bone cell differentiation Kleinman et al., 1991
Binding of 110 kDa cell surface protein Stack et al., 1991
Stimulation of plasminogen activation Kubota et al., 1992
Signal transduction, cell growth Kibbey et al., 1992
Promotion of angiogenesis and tumor Yamamura et al., 1993
growth
Tumour growth, colony formation Kibbey et al., 1993
Binding of APP Weeks et al., 1994
T-lymphocyte adhesion Hawkins et al., 1995
Disruption of gastulation in sea urchin
alG RGD Endothelial differentiation Grant etal., 1989
alll Cell adhesion Aumailley et al., 1990
Cell adhesion, spreading, Tashiro et al., 199
alG KQNCLSSRASF | a3p1 integrin binding Gehlsen et al., 1992
RGCVRNLRLSR
alG SINNNR Cell adhesion Chenetal.,, 1997b
alG KATPMLKMRT | Cell adhesion, heparin binding, neurite Skubitz et al., 1991
SFHGCIK, outgrowth
alG KEGYKVRDLNI | Cell adhesion, heparin binding, neurite Skubitz et al., 1991
Outgrowth
TLEFRTTSK Binding of a3B1 integrin Pattaramalai et al.,1996
alG KNLEISRSTFDL | Cell adhesion, neurite outgrowth Skubitz et al., 1991
LRNSYGRK
alG DGKWHTVKTE | Cell adhesion, neurite outgrowth Skubitz et al., 1991
YIKRKAF
alG RKRLQVQLSI Neurite outgrowth Richard et al., 1996
a2G KNRLTIELEVRT | Neurite outgrowth Richard et al., 1996
LI YIGSR Neural attachment Graf et al., 1987
BL I YGYYGDALR a2pB1 integrin binding Underwood et al., 1995
BLIV RYVVLPRPVCF | Heparin binding, cell adhesion Charonis et al., 1988
EKGMNYTVR
B1VI RIQNLLKITNLR | Heparin binding Kouzi-Koliakos et al., 1989
IKFVK
B21 LRE Motor neuron on stop signal, inhibition of Hunter et al,
neurite outgrowth 1989b,1991
Promotion of motor axon growth Brandenberger et al,
1996
yll RNIAEIIKDI Neurite outgrowth, neurotrophic effect, Liesi et al., 1989

neurotoxic effect

Neural migration

Axonal differentiation

Axon guidance

Modulation of electrical activity of neurons

Liesi et al., 1995, 1996
Matsuzawa et al., 1996
Matsuzawa et al., 1998
Hager, et al., 1998
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Table 2 — Adapted from (Durbeej., 2010) shows all 15 isoforms of laminin, their constituent subunits and the
locations in the body where each isoform is expressed.

Laminin Constituent Tissue Expression Reference

Isoform Chains

Laminin-1 alBlyl embryonic epithelium, brain blood vessels Timpl et al., 1979

Laminin-2 a2B1lyl muscle, heart, peripheral nerves and testis Ehrig et al, 1990

Laminin-3 alp2yl placenta Engvall et al, 1990

Laminin-4 a2B2yl muscle, heart, peripheral nerves and Engvall et al., 1990
neuromuscular junction

Laminin-5 a3pB3y2 epidermis, placenta and mammary gland Rousselle et al., 1991

Laminin-6 a3p1yl epidermis and amnion Marinkovich et al., 1992

Laminin-7 a3p2yl epidermis and amnion Champliaud et al., 1996

Laminin-8 adplyl endothelium, smooth muscle, fat and peripheral Miner et al., 1997
nerve

Laminin-9 adp2yl endothelium, smooth muscle and neuromuscular | Miner et al., 1997
junction

Laminin-10 a5B1yl developing epithelium, mature epithelium, Miner et al., 1997
mature endothelium and smooth muscle

Laminin-11 a5p2y1 mature epithelium, mature endothelium, Miner et al., 1997
smooth muscle, neuromuscular junction and
glomerular basement membrane

Laminin-12 a2B1y3 Placenta and testis Koch et al., 1999

Laminin-13 v4 Axon guidance for the neural floor plate Serafini et al., 1994

Laminin-14 V5 Axon guidance for the midline Serafini et al., 1994

Laminin-15 V6 Axon guidance for motor, sensory and Wang et al., 1999
sympathetic neurons

1.2.3 Integrins

Integrins are the main adhesion molecules which adhere cells to a biomaterial

surface or biomolecular matrix. Integrins are well studied cellular adhesion molecules
present on most cells, and composed of an a and B unit (Figure 1.4). The integrins are
found in a transmembrane position the head of the protein (matrix end) is outside the cell
while the tail end is inside the cell cytosol which is glued to actin filaments. The matrix
end (receptor) binds to specific peptide sequences (ligand) frequently found on ECM
proteins (Hynes, 1992), triggering cell adhesion and down-stream effects. The integrins
can be used to communicate messages with neighbouring cells showing that integrins can
carry messages in-and-out of cells (Hynes, 2002). By changing the integrin’s conformation,
cells can attach and detach, because the integrin is ‘glued’ to the internal cytoskeletal

machinery of the cell facilitating migration in neural development (McKeown et al., 2013).
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When the molecule is in the ‘off’ conformation it is not in an optimum conformation for
binding, calcium and magnesium ions make integrins more adhesive but has to be in
proportion to charge balance the structure because abundance of one integrin sub-unit
over another makes integrins less adhesive (Chen et al., 2003).

Focal adhesions are integrin clusters where actin filaments are anchored in, and
this affects cell: adhesion, migration, signalling and division. Focal adhesion stimulates the
digestion and polymerization of actin which is a cytoskeleton protein important for
movement and shape (Ballestrem et al., 1998). Densely packed RGD engineered peptide
on engineered surfaces stimulate cell spreading (Cavalcanti-Adam et al., 2006a). The avp3
integrin is the receptor for the ubiquitous RGD ligand (Singer et al., 1988), which is
effected by density of ligand. The reason is because when there are few adhesion
complexes the cells are rounded and can detach easily. Lots of these complexes together
as focal point mean more spreading because the cells are firmly bound to the surface
(Cavalcanti-Adam et al., 2007).

Integrins have roles in neural stem cell maintenance and differentiation. Campos
et al have shown that the B1 integrin is a marker for neural stem cells in neurospheres.
This integrin causes increased expression of FGF2 in neural cell cultures which is a stem
cell mitogen (Kinoshita et al., 1993). This shows the hierarchy of factors in cell niches.
Using neurospheres and blocking the B1 integrin will cause a decreased expression of
nestin (neural stem cell marker) presumably because the cells differentiate (Leone et al.,
2005). In vivo B1 knockout experiments show that the neural crest development in chicks
is effected causing trans-differentiation of attached epithelial stem cells (includes neural
lineages) to migratory mesenchymal stem cells (Tucker, 2004). Antibody blocking of the
a6BB1 integrin in neurospheres inhibits chain migration of neurons which is in an

indicator of neural differentiation (Jacques et al., 1998). In the same paper antibody
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blocking of a5B1 and a5B1 stopped proliferation. The a3B1 in vivo is important for the
layering of the cortex in development, because silencing is thought to cause
glial differentiation (Anton., 1999). Saha et al, 2007 modified surfaces with
arginylglycylaspartic acid (RGD) and isoleucine lysine valine alanine valine (IKVAV) which
demonstrated an ability to control neural cell fate. RGD was better at maintaining the
neural stem cells because RGD is a ligand for B1 integrins (Humphries et al., 2006). In
contrast IKVAV produced enhanced differentiation. IKVAV has been used to make fibres
more adhesive in (Mandal et al., 2009) also the fibroblast cell lines aligned in the same
directions of the fibres.

Neural alignment is thought be a result of aligned focal adhesion complexes
(Ferrari et al., 2010). This was shown with confocal microscopy and substrates with
imprinted gratings. The neural growth cone’s position is stabilized by focal adhesions
which has been shown with Racl (stimulated by focal adhesions (Rottner et al., 1999))

inhibition, this is the precursor step to neurite outgrowth.
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Figure 1 4 — cell adhesion with two cell adhesion complexes Cadherins and Integrins. 1 is an inactive
cadherins. 2 is an active cadherin bond between neighbouring cells. 3 is an inactive integrin. 4. Is an active
integrin. 5 is a focal adhesion complex where there are multiple integrins clustered together in close
proximity.
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1.2.4 Neural Cell Adhesion Molecule

Neurons adhere to glia with neural cell adhesion molecule (NCAM) which is a
cadherin specific to neurons which is expressed on the surface of glia and neurons (Noble
et al., 1985). NCAM is a glycoprotein expressed at the cell surface of neurons (Theodosis
et al., 1999) and binds cells to cells through homophilic interactions (Kasper et al., 2000).
NCAM binds to other NCAM molecules (Figurel.5). A cell to cell NCAM complex
structurally has two-domains which resembles a cross-shaped antiparallel dimer. NCAM
has a high preference for polysialic acid groups which means NCAM molecules can be
selectively unbound for neural detachment (Cunningham et al., 1983).

The interaction is exclusive to NCAM and polysialic acid groups do not effect other
adhesion molecules (Kleene and Schachner, 2004). In synaptic plasticity (neurons making
new connections) this feature is important (Weinhold et al., 2005). Murine animal models
deficient in polysialic acid had poorly developed brains in terms of connecting the nuclei.
Polysialic acid is also important in injury and reinnovation where levels increase during
injury (Franz et al., 2005).

In neural tissue, glia serve as the support cells for neurons and there are specific
interactions between the two. /n vitro neurons are frequently seen migrating on a bed of
glia (Edmondson and Hatten, 1987). Therefore it is not common for the neurons to have a
direct interface with the biomaterial or a bio-interface.

There are three isoforms of NCAM: NCAM180, NCAM140 and NCAM120. The
name is dependent on the length of the cytoplasmic domain, for example NCAM180 has a
cytoplasmic domain weighing 180 kDa. NCAM 140 is located in the growth cone and is
typically associated with immature neurons (Persohn et al., 1989). In contrast NCAM180

is found at sites of cell to cell synaptic contacts in mature neurons. KYSFNY (KHIFSDDSSE)
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is a peptide sequence made with FMOC chemistry which binds selectively to NCAM and
prevents adhesion of cells (Rao et al., 1992).

KHIFSDDSSE is therefore the epitope for NCAM to NCAM binding. This peptide
sequence has been used to functionalize materials in Kam et al. 2002 with silanized glass.
The KHIFSDDSSE peptide enhanced the adhesion of astrocytes in both serum containing
and serum free media. In Lu et al., 2006 very similar substrates were used which had the
lowest surface coverage of neurons across the surface compared to other ligands such as
IKVAV and a standard PLL surface. Boehler et al., 2012 produced a multi-array electrode
to look at hippocampal neural networks in vitro. The authors were keen to look at the
network in homeostatic conditions which were stimulated with drugs, so the
hippocampal neurons were cell cultured with astrocytes. To get good attachment of the
astrocytes in the non-electrode areas of the array and keep the reading neuron specific
from the array, those areas where conjugated with KHIFSDDSSE. a2,8-linked sialic acid
polymers have been used to culture rat Schwann cell and VM progenitors in Haile et al.,
2007. A key advantage with the a2,8-linked sialic acid polymer surface was the ease of
preparation, which was to just dissolve and leave overnight at room temperature. In
serum containing media, the poly sialic surface compared well to the PLL control surface
in measurements including cell numbers and viability. Collagen can be functionalised with
poly(sialic acid) causing further extending axonal processes compared to normal collagen
(Masand et al., 2012).

Cells have the relevent organelles to produce tissue patterning, so it is important
that techniques utilize these. At this point it has been challanging to get neural cells to
show the relevant patterning in vitro. If simple surface cues which stimulate the cells to
pattern in physiologicaly relevant ways, then producing functional neural tissue in vitro

will be an achievable goal.
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1.3 Basic Science and Regenerative Medicine

The role of biomaterials in regenerative medicine of neurodegenerative diseases
has been studied in fields such as tissue engineering, however clear applications have not
been exploited. The section will include the principles, challenges in regenerative
medicine and biological problems which have been solved using materials. Everything will
be in reference to neuro regenerative medicine, so key principles such as tissue culture
and differentiation will be highlighted along with successful material research and areas
where better materials would have an impact.

Many tissues in the human body such as liver and skin have a strong ability to
regenerate when damaged. Other tissues such as nerve cells and cardiac muscle cannot
be restored to the same extent. With ageing populations where chronic disease is
common, healthcare systems could breakdown; so a new paradigm of regenerative
medicine is being developed, using cells to restore diseased or damaged tissue and cure
chronic diseases which were previously only managed instead of cured.

Thus far cell therapies for neurodegenerative disease have been attempted in small
scale pilot clinical trials. Material-based approaches have not been used with
neurodegenerative diseases, but have been used in spinal-injury lesion animal models
(Teng et al., 2002). Some functional recovery was seen when poly(lactic-co-glycolic acid)
scaffolds seeded with neurons were implanted. The majority of translational projects
have been purely cell based for instance, attempts have been made to treat Parkinson’s
disease with foetal neural grafts of cells directly dissected from foetal CNS tissue (Lindvall
and Bjorklund, 2004). These foetal grafts have varied, from improving the disease
progression reducing dependence on medications, to making the symptoms worse. A
greater problem is that the cell source is scarce, and there is not enough foetal neural

tissue to cover the demands of the patient population. In the long term cell therapies are

21



Chapter | — Introduction

likely to have the most success in treating neurological disorders either as direct therapies
to replace discrete cell populations, such as dopaminergic neurons which degrade in
Parkinson’s disease; or as an indirect means to deliver support factors, e.g. to treat auto-

immune diseases such as multiple sclerosis.

1.4 Neurodegenerative Diseases

Key to a biomaterials success in treating neurodegenerative diseases will be the
materials ability to cope with hallmarks of pathology in neurodegenerative diseases. In
neurodegenerative diseases such as Alzheimer's the molecular basis is a spontaneous
mutation causing the formation of A amyloid (Selkoe, 2001). The AR amyloid aggregates
and plaques causing death of sub-cortical neurons and lesion in the frontal cortex (Wenk,
2003). Similarly in Parkinson’s disease dopaminergic neurons expressing the
neurotransmitter dopamine are lost due to a mutation with a-synuclein which plaques to
form lewy bodies in dopamine neurons (Leroy et al., 1998). Although the plaques are
ugibquatinated for destruction the process fails due to inhibition of downstream enzymes

(Shimura et al., 2001).

1.5 Stem Cells for Cell Therapies

To circumvent the need for large numbers of cells, stem cells will be used as a
more scalable cell source for neural transplants. Using biomaterials in conjunction will
lead to more control over stem cell transplants. Stem cells are found throughout the body
and exist from development all the way through to adulthood. Stem cells are defined as
cells possessing two main properties, self-renewal and the ability to become

(differentiate into) other cell types depending on their potency.
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Stem cells range from being:
) Pluripotent — can differentiate into any cell type in the body
) Multipotent — differentiate into multiple cell types but have a more restricted
lineage, often forming cells of the tissue where they reside, for example neural
stem cells

1) Unipotent/bipotent — make one or two cell types respectively

Stem cell therapies have been proposed to branch in two main forms:

Autologous: same donor and recipient. A personalized medicine that avoids
immune rejection. This strategy will work best when there is a source of easily available
adult stem cells that can either be re-programmed in situ: or removed from a patient,
manipulated and returned in a transplant. If we are able to genetically re-programme
cells, this will allow greater flexibility and produce a wide array of cell types that would be
suitable for stem cell repair.

Allogeneic: Different donor and recipient. The advantage of using allogeneic stem
cells is that these can be derived from more diverse sources than the patient, e.g.
pluripotent embryonic stem cells. Close human leukocyte antigen (HLA) matching will be
required for immune-compatibility, it is estimated that a cell bank of 150 embryonic stem

cell lines would be required to cover 85% of the British population (Taylor et al. 2010).

1.5.1 Adult Stem Cells

Adult stem cells have been used extensively by clinical professionals. For example,
stromal bone marrow and adipose tissue can provide a supply of mesenchymal stem cells

(MSCs) which are multipotent. When a patient is given a bone marrow transplant for
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leukaemia, the bone marrow stem cells replenish the recipient’s supply of
haematopoietic stem cells.

Adults possess a small pool of neural stem cells, with the potential to treat
Parkinson’s disease. However in vitro it is difficult to derive dopaminergic neurons from
adult neural stem cells, also the cells are difficult to harvest. Through a process called
trans-differentiation where a cell’s lineage changes, dopaminergic neurons have been
derived from bone marrow stem cells, which are more abundant and easier to access. The
problem is that the cells express a lot of relevant markers but possess some non-
characteristic phenotypes rendering these neurons medicinally unsuitable (Terada et al.,
2002).

Due to the limitations progress has been slow for the last decade. Adult stems
cells are clinically safest, but currently have a limited potential. The reason for safety in
adult stem cells is because the cell fates are restricted, but expansion is limited because
the cells will be limited on the potential number of replications. One problem is isolation
of relevant cell types, secondly it is difficult to expand the cells into a large population for
clinical use, and the biggest challenge is that the fates of the adult stem cells are often

restricted.

1.5.2 Embryonic Stem Cells

Compared to adult stem cells, embryonic stem cells (ESCs) are pluripotent, i.e.
they can form any cell type in the body. ESCs also show extensive self-renewal meaning
large clonal populations can be produced. ESCs were first separated from mice in 1981
(Evans and Kaufman, 1981), human ESCs were isolated at the turn of the last millennium
(Thomson et al.,, 1998). Human ESCs are derived from the inner cell mass of 6 day

blastocysts from residual in vitro fertilisation (IVF) tissue. From a small population of ESCs
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a limitless volume of cells could be produced; and be steered into many mature cell
lineages with appropriate cues, meaning the potential to cure neurodegenerative
disorders such as Parkinson’s disease.

A major breakthrough was to differentiate pluripotent stem cells in vitro to
neurons (Ying et al., 2003). The work shows a critical role for surfaces because gelatin at
an early stage and laminin in the later stages were used different stages for lineage
commitment. To achive therapeutic relevent populations the role of the surface was
shown to be critical.

Some other challenges of working with ESCs have already been overcome to make
the process more defined for clinical translation. Early problems such as karyotype
abnormalities (incorrect numbers of chromosomes) have been avoided through stable
culture protocols. Also, when human ESCs where first produced they had to be cultured
on a feeder layer of irradiated cells (usually of non-human origin) or Matrigel® (containing
extra cellular matrix proteins) to be maintained long-term. Now human ESCs can be
cultured stably for long periods in a more defined environment using substrates such as
recombinant laminin, and special plastics such as poly[2-(methacryloyloxy)ethyl dimethyl-
(3-sulfopropyl)Jammonium hydroxide] PDEMSAH (Villa-Diaz et al., 2010), reducing safety
concerns when generating cells to be used in the clinic (Couture, n.d.). Similarly, ESCs
tend to be cultured now with a defined knockout serum in the media, instead of
undefined bovine serum, thus reducing safety concerns regarding animal/human
pathogen transmission. It is critical to now get hESC systems to work in cost-effective
ways, because billions of cells will be required in some of intended therapeutic
interventions (Celiz et al., 2014). To produce 109 hESCs on peptides would cost over
£10,000 while it be less than £1000 on synthetic surfaces. It is therefore critical to elimate

the use of expensive reagents, and make cheap scalable surfaces.
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1.5.3 Induced Pluripotent Stem Cells

Induced Pluripotent Stem Cells (iPSCs) have similar properties to ESCs but have
none of the ethical problems because embryos are not essential. In 2006 pluripotent
stem cells were derived from mature tissues through genetic reprogramming, these are
labelled IPSCs (Takahashi and Yamanaka, 2006). iPSCs can potentially be derived from
individual patients, therefore generating autologous cell types for transplantation.

Protocols to convert iPSCs to various types of differentiated cells emerged,
showing that IPSCs can yield mature cell types in vitro just like ESCs. A number of research
groups have now derived iPSCs successfully from Parkinson’s patients and techniques
have been developed to increase their safety (e.g. using excisable viruses for the genetic
reprogramming and creating a more stable genetic profile, Soldner et al. 2009). In terms
of efficiency it is possible to derive neural stem cells from mature tissues, thus omitting
the naive stages.

Safety concerns have been raised over about the four reprogramming factors,
particularly the c-Myc gene because it is involved in cancer proliferation. However, more
recent work suggests that iPSCs can be induced without using the c-Myc gene, and that
reprogramming can be accomplished without DNA or viruses, instead using chemically
modified proteins. These achievements have made the reprogramming process safer.
Moving forward there are concerns that iPSC based terratomas are immunogenic
compared to ESC based terratomas (Zhao et al., 2011). This is surprising because ESCs are
not immunogenic until they differentiate, however this work shows that there is a new
molecular basis for immunogenicity which will provide new targets for immune
suppressants.

However there are key differences with ESCs, iPSCs have been found to be less

efficient than ESCs in differentiating into neurons (Chin et al., 2009). A likely explanation
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is because of genetic and epigenetic differences (Chin et al., 2009). Another concern
raised is that iPSCs are not truly naive like ESCs because they possess latent ‘memories’ of
their original lineage; e.g. an iPSC derived from blood cells is more likely to turn into a
haematopoietic cell. The expansion of iPSCs to achieve a large population is difficult and
and time-consuming (months) which proves to be a big translational hurdle (Hanna et al.,
2010). The relatively uncontrollable reprograming process leads to some of this difficulty
(Hanna et al., 2009), with extra steps within the protocol necessary to remove remaining
non-reprogrammed cells. This problem has recently be solved by depleting Mbd3 (an
epigenic acetylase) which vastly increases the reprogramming and potency of iPSCs to
produce stable populations quickly and efficiently (Rais et al., 2013).

The enhanced reprogramming efficiency of iPSCs would be benefical for drug
response and disease modeling. iPSCs have been produced from sufferers of many
diseases including: Duchenne muscular dystrophy, motor neuron disease, Parkinson’s
disease and Huntington’s disease. A major finding from iPSCs generated from skin cells of
a spinal muscular atrophy patient was that reprogrammed iPSCs differentiated into
neurons that had the spinal muscular atrophy defects (Dimos et al., 2008). If
neurodegenerative illnesses can be modelled more effectively these would provide
accurate models which would be a valuable tool for the pharmaceutics industry and

biotech companies, to test promising molecular candidates.

1.5.4 Neurons from pluripotent stem cells

Following the isolation and discovery of pluripotent stem cells various
differentiation techniques have been devoloped. Dopamine neurons have been derived
from embryonic stem cells using a variety of culture methods (Morizane et al.,

2010)(Swistowski et al., 2010)(Yan et al., 2005). Effective methods include the use of co-
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cultures to provide environmental cues, or the addition of known signalling molecules. To
achieve the desired lineage using signal molecules the ESCs are cultured in the presence
of various cytokines, mitogens, trophic factors or morphogens in a complex culture
medium, to mimic the cells’ natural environment.

The task of finding relevant signal molecules has become more efficient as a result
of high-throughput gene and protein screening methods such as genetic micro-array
technology and proteomic mass spectrometry. Our research group has utilised a mass
spectrometry method to find new molecules to improve the differentiation of
dopaminergic neurons from various stem cell sources (Orme et al., 2010). Proteins were
harvested from developing midbrain tissue and their expression patterns compared
during neurogenesis. The key to finding the signal molecules was to characterise the
midbrain developmental stages in rodent embryos, to identify precise regional
development of the midbrain dopamine neurons and to target our search for specific
protein signalling molecules by comparing their temporal expression. Thus we have
identified novel and/or previously unidentified proteins that play key roles in
dopaminergic differentiation.

Using genomic micro-arrays it is possible to look for gene products coding for
intracellular signalling molecules. A team at the Karolinska Institutet using genomic micro-
arrays found some key transcription factors for defining neural lineages (Panman et al.,
2011). Cells were isolated from differentiated cultures and compared with naive ESCs for
differences in gene expression.

However, identification is only the first step to achieving high yields of specific
neuron subtypes from stem cells. A major challenge with developing optimal
differentiation protocols is recreating the complex spatial and temporal signalling

processes that are required to create specific cell types within organised three-
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dimensional tissues and structures. Scaling the use of, and using these molecules
effectively is an expensive task, will ultimately keep these as lab-based curiosities. The
ecomonics and regulatory burden incurred through using these molecules mean that
credible translational medical researchers should limit their use. However the pathways
triggered by the molecules will remain a constant interest in regenerative medicine and

drug research.

1.5.5 The Complexity of Stem Cell Differentiation

Cell therapies are made by differentiating the stem cells into disease specific
populations. Currently one of the biggest challenges when using stem cells is to direct
the differentiation of stem cells into mature cells (differentiation) with high efficiency
and to create complex tissue structures which can replace diseased and damaged tissue.
In terms of complexity some recent achievements might indicate that things are
changing. Highly functional dopamine neurons have recently been derived from ESCs in
vitro, following developmental principles (Kriks et al., 2011a). The key to the protocol
was providing the cells with sequential media containing specific signal molecules that
are up-regulated at different times in the development of dopamine neurons in the
embryonic midbrain. With so many signal molecules, the key is to understand the
dynamics of how stem cells experience signal molecules (i.e. the driving force of a
system and its evolution during the process of development). The simplest dynamic is
that different concentrations of signal molecules will push naive stem cells down
different lineages (Figure 1.5). Good examples are sonic hedgehog and WNT proteins
that work in a concentration gradient during neural tube development (Ribes and
Briscoe, 2009). BMP2 has been conjugated as gradient on to surfaces using streptavidin

and BMP2 conjugated biotin (Lagunas et al., 2013). The authors found that the gradient
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caused changes in ALP activity, and cell density in the high BMP2 density areas. The
creation of more complex spatial patterns such as stripes and spots can be described
with Alan Turing’s reaction/diffusion model, where activator and inhibitor signals
spontaneously organize into binary patterns (Turing, 1952). Evidence has been shown in
mouse folical spacing with WNT serving as the activator, and DKK being the inhibitor
(Sick et al., 2006).

A big break-through in cell signalling biology was made by coupling mathematics
and engineering methods in what is called ‘systems biology’. Often biological signalling
pathways in bulk analysis look ‘noisy’, however new systems biology methods show
these pathways at a single cell level the activation of cells by the signals are
heterogeneous (Cookson et al., 2005).

At the single cell level, some types signal molecules can elicit greater responses
when delivered as a pulse rather than a steady dose (Ashall et al.,, 2009). Also
heterogeneous cell responses can occur to the same stimuli through internal feedback
loops within individual cells and interplay between neighbouring cells. Also the response
of cells to these types of stimuli are digital, so part of a population will respond while
other parts won’t respond to the stimuli (Tay et al., 2010). These complex dynamics
could be responsible for the lack of effectiveness in current differentiation protocols.
There is a non-linearity to developmental systems and its modelling is likely to be
important for future stem cell research. There are multiple opportunities to integrate
computational methods in to stem cell science, for instance incorporating microfluidic
designs to differentiation protocols. These advances will provide better understanding
of cellular systems and improve the efficiency of stem cell differentiation, a crucial step

for their translation towards clinical therapies.
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Figure 1.5 - Chemical morphogenesis. A) concencentration gradient of SHH which forms during brain
devolopment. The gradient forms through diffusion, and the concentration of SHH gets weaker over
distance causing cells to differentiate differently. B) reaction/diffusion explaining zebra stripes. Activator
and inhibitor morphoghens spontateously organize forming elaborate natural patterns. Some cells become
pigmentented because of the activator morphogen, and other cells are pigmentless because of the inhibitor
morphogen. C) Pulsing. Cell’s often have a heterogeneous response to stimuli, because frequency is an
important signal parameter which is needs more consideration. The pulse is temporal, so complex
infomation is encoded which is important for process where a varied and adaptable response is required.

1.5.6 Foetal Neural Stem Cells

The current strategies for clinical use of cell therapies to replace damaged tissue in
neurodegenerative disease use foetal neural stem cells (FNSCs). A clear advantage to
using FNSC is that differentiation is simpler to control. Dopamine (DA) neurons can be
derived from FNSCs (Fricker-Gates and Gates, 2010). FNSCs are obtained from the
developing central nervous system of mammalian embryos. Dissections of neural tissue
contain a mixture of nervous cell types with sections of the tissue being isolated where
particular subtypes predominate (Gage 2000). Transferring the dissected cells to media

containing neurotrophic proliferation factors such as basic fibroblast growth factor (bFGF)
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and epidermal growth factor (EGF) disallows cells from adhering to the tissue culture
plastic (and therefore differentiating). This causes the formation of proliferating cell
clusters termed neurospheres (Vescovi et al., 1993a). Reducing bFGF concentration causes
the neurospheres to attach and differentiate. Additional additives can influence
neurospheres to differentiate into DA neurons. Yu et al. cultured DA neurons from FNSCs
(Yu et al., 2007). Heparin can be added to enhance differentiation to tyrosine hydroxylase
(TH) expressing neurons; TH is the enzyme responsible for converting L-tyrosine to
L-dopa, the first step in the biosynthesis of DA, and therefore is a marker of mature DA
neurons. Heparin is known to cause neurite outgrowth (Lauriet al. 1998), and during
development of the substantia nigra (SN) DA neurons lengthen their axons sending
projections to their target structures: the caudate nucleus and putamen (collectively
called the striatum) (Tepper, Damlama & Trent 1994). This inspired Tepper et al;, they
seeded neurospheres onto polylysine and laminin coatings with addition of BFGF, heparin
and B27 media supplements; resulting in about 40% conversion to DA neurons when
using heparin in combination with laminin (Tepper, Damlama & Trent 1994). Despite this
enriched differentiation in vitro, when the expanded cells were implanted into a mouse
model of PD they failed to engraft in the host tissue.

Recently Rosler and others have examined the use of sonic hedgehog (Shh) which
is @ morphogen, FGF8 and Wntl (external proliferation and differentiation factors) as
soluble factors to induce DA neuron differentiation (Rossler et al.,, 2010) (Rossler,
Boddeke & Copray 2010). Some of the neurospheres were engineered to over express
msx1 (a morphogenesis control gene). This mutation however was found to have little
effect on conversion into DA neurons. However the addition of ventralization factors
without the histone deacetylation inhibitor trichostatin A (TSA) did increase conversion.

The authors claim about 40% conversion to dopaminergic precursors. The precursors
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were characterised by the Pitx3 marker (a gene controlling morphogenesis), but these
cells had a low expression of TH.

The effects of hypoxic (low oxygen surface tension, 3+t2% O,) culture conditions
have also been explored for its effect on DA neuron differentiation (Studer et al., 2000).
BFgF, vascular growth factor (VEGF) and erythropoietin (EPO) were added to the culture
media. A higher cell count and increase in DA neuron yield was observed in hypoxic
conditions compared to normal incubation (20% O,). Liu et al. also examined the effects
of hypoxia using a striatal cell conditioned media (SCM) (Liu et al., 2009). Under hypoxic
conditions higher cell counts of neural and glial cell types was observed. Significantly
more dopamine production was found when combining hypoxia and SCM compared to
20% O, and SCM. The authors argue that SCM was the main contributing factor in DA
neuron production because more dopaminergic markers such as TH were found in
populations differentiated under these conditions.

A big advantage to using FNSCs is transplantation into animal models (Kim, 2011).
This is because FNSCs can only be differentiated into neural cells and often do not divide
significantly following transplantation. Therefore patients are not exposed to the risk of
teratoma which are tumours containing cell types from all three germ layers, these are
caused by uncontrolled differentiation of rapidly dividing stem cells. Teratomas are
usually used as an indicator for pluripotency as they are tumours that contain many types
of differentiated cells. Unlike FNSCs, ESCs often retain their division potential when
transplanted in vivo, which creates more risks because the cells may continue to divide
post transplantation and give rise to tumours containing many different cell types. None
of the approaches have exploited biomaterials meaning that the approaches can be
improved with engineered surfaces which can make everything controllable. Conversely,

the disadvantages of using FNSCs are their limited cell numbers and expansion capacity.
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1.6 Key Lessons to Improve Biomaterial Design

1.6.1 Neurospheres

There are scalability problems with FNSCs, so neurospheres provide a way to
improve scalability. The simplest way to culture neural stem cells is as neurospheres
which are structured 3D multicellar floating structures. In vitro neural stem cells and
progenitors are grown as neurospheres (Vescovi et al., 1993a). Attempts have been made
to characterise murine neurospheres (Singec et al., 2006a). It is estimated that a
neurosphere consists of 80% astrocytes, 17% neurons, and 1-3% oligodendrocytes. It is
believed that neural stem cells make up about 0.16% of total cells within any neurosphere
(Singec et al., 2006a). Some think that neurospheres contain different populations of
neural stem cells (Tropepe et al., 1999). When E8.5 murine telencephalon cells were
cultured with FGF2 or EGF different effects would occur. Only FGF responsive precursors
exist in primitive stages, at low density FGF caused more proliferation and responses
were differential. This information is irrelevant until cell divisions and passages are taken
into account. Neurospheres do not necessarily contain neural stem cells, the important
point about these spheroids is that they can only be reformed and passaged a few times
(Kim and Morshead, 2003). Clonal neurospheres which derived from fluorescently sorted
neural stem cells can be passaged for longer and also get uniformly smaller with each
passage (Louis et al., 2008).

Glioblastoma tumourspheres (a 3D heterogeneous proliferating cluster, grown
from gliablastoma biopsies) are structurally organised (Vik-Mo et al., 2011). In the
tumourspheres, cancer stem cell markers were confined to the core, while cells
expressing mature glia markers were located at the periphery. When neurospheres
were produced from primary neural tissue the spheroid were structured (Lia S Campos

et al., 2004). The neural stem cells markers (nestin and sox2) are found at the periphery
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as are a majority of dividing cells. More mature markers such as Tujl and GFAP are
found in the centre. Cells have also been shown to migrate within the spheres which has
been shown with confocal microscopy that single fluorescently labelled neural precursor
cells migrate within the neurosphere. This shows that although the spheroid is
structured there are dynamics too (Wang et al., 2006). Adding further evidence is work
done at Keele University. In the publication, neurospheres were transfected with green
fluorescence protein (GFP) using magnetic nano particle vectors (Pickard et al., 2011).
The distribution of GFP was not static to any area, therefore transfected cells were
migrating throughout the spheroid.

Due to the merging of neurospheres (Singec et al., 2006a), clonality of the sphere
population cannot be taken for granted as an experimental factor. Therefore efforts have
been made to culture neurospheres from single cells (Cordey et al., 2008a). Single cells
were taken and placed in PEG hydrogel microwell plates (r= 50 pum) and clonal
neurospheres were generated. A problem with the technique is that attrition was high
with a lot of cells unable to produce neurospheres. Neurospheres in culture are believed
to be heterogeneous, one reason for this is because cells are in different stages of the cell
cycle (Bez et al., 2003). Also it is thought that any cell in a neurosphere can create the
other cell types within the neurosphere (Alvarez-Buylla et al., 2001). This point actually
goes further because germ layers can be created from neural stem cells (Clarke et al.,
2000a), demonstrating the engraftment of NSCs in to primitive embryos and later
showing relevant germ layer markers.

Heterogeneity in neurosphere size has been addressed by using
poly(methacrylate)(PMMA) microwells with a PEG surface, it has been shown that single
rat neurosphere size can be controlled (Eiraku et al., 2008)(Sakai et al., 2010). A linear

relationship was demonstrated between where neurosphere diameter and microwell
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diameter. For example after 10 days of culture, a 200 um microwell would restrict
neurospheres to a diameter of 50 um. An 800 um microwell equated to a neurospheres

with a greater diameter (225 um).

1.6.2 Advanced Spheroid Culture Methodologies

The best demonstrations of organs made in vitro comes from work on spheroids
cells self-organize and differentiate to produce tissue-like structures were natural
physiological behaviour can be established through the relevent mosaic of cells. The first
structure to be made from murine pluripotent stem cells was cortical neuron lamella
spheroids from (Eiraku et al., 2008). The authors used a combination of FGF8b FGFR3-f
BMP4 and Wnt3a and hydrophobic tissue culture plates to achieve neural aggregation.
Spheroids were found to self-organized in to a recognizable lamella structure of a cortex
with relevant markers in relevant positions and folds. The tissue displayed functional
activity which was characterised with Ca imaging characteristic of neonatal cortical
tissue showing large-scale very fast oscillatory Ca®* waves over large distances. The
same team produced a 3D optic cup following a similar approach (Eiraku et al., 2011).
Stem cells were induced into a neural ectoderm spheroid which would organise and a
rx+ zone would evaginate. The zone would then invaginate forming the optical
structures of the eye. An a similar approach (Eiraku et al., 2008) has been used to create
human derived cortical organoids from hESCs and IPSCs with an extra step with ECM
embedding and bioreactor culture which makes the process more scalable (Lancaster et
al., 2013). Some of the IPSC lines used were from sufferers of microcephaly (small brain
disorder), the authors’ observed premature differentiation in these organoids which is a

characteristic of microcephaly. These recent accomplishments are achieved by paracrine
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signalling and thermodynamic cell sorting within the spheroid, which shows minimal
interventions, can produce excellent results when cells are left to recreate their niches.

Thermodynamic cell sorting was first described in the 1960’s where a 3D spheroid
will form when free energy of the liquid (cell culture media) overcomes free energy of a
surface (hydrophobic surface) so aggregates form (Steinberg, 1963). If there are multiple
cell types in the aggregates the populations sort out on the basis of different adhesion
molecule having thermodynamic stability (like with like). This was demonstrated with an
excellent experiment where two cell types were dyed and after aggregation sorting was
observed (Foty and Steinberg, 2005). As this is a natural cell sorting mechanism
mutations to cell adhesive molecules affects tissue organization shown in Figurel.6
(Kane et al., 2005).

Spheroid culture systems have a lot of biological advantages and these culture
systems can be engineered. One concern of spheroids was heterogeneity of size
(Reynolds and Rietze, 2005) this concern has legitimacy due to spatial dynamics
changing in different sized spheroids with the same signalling molecules (Peerani et al.,
2007). Indeed size maters with the cell fate of spheroids (Bauwens et al., 2011). Larger
spheroids will take on a cardiac identity and smaller spheres have a more neural
identity, because the proportion of endoderm/ectoderm changes. If shear induced
phenotypic changes (Mammoto et al.,, 2011) are a concern, sphere size can be
homogenized in static culture conditions (Ungrin et al., 2008). This was done in
hydrophobic PDMS microwells and now morphogen eluting microparticles have been
incorporated into these (Bratt-Leal et al., 2011) which has been shown to improve
efficiency. pNIPAAm hydrogels have been used to produce substrates for controlling
spheroid geometry which is thermally adjustable (Tekin et al., 2012). The authors

produced a thermo-sensitive microwell which is interesting because interventions could
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be made in off-target cell cultures. To make things more flexible it would be great to
control spheroids with surfaces which can be incorporated into more experiments.
Currently free-floating methods are used to culture spheroids, so if spheroids were
adhered to the surface different culture techniques could be used. That would provide a
way of getting the controllability of surface engineering to present specific motifs and
functionality with the intricate self-organization of cells and populations within the

spheroid cultures.

Figurel.6 —Steinberg’s DAH in reference to neural stem cell culture: (1)Thermodynamics drive
aggregation of NSCs (2) NSCs are sustained in neurospheres in bFgF media (3) Proliferation forms new cell
types and thermodynamics causes sorting (4) Adhesion and differentiation neural stem cells and
progenitors by removing bFgF and adding a ‘sticky’ laminin coated surface.

1.6.3 Niches

Stem cells have the innate ability to self-organize into proliferative and
differentiating niches which combines different cell types, soluble and insoluble factors.
A surface which provided cues to control these behaviours would eliminate the
interventionism common in most current stem cell techniques. Lutolf & Hubbell, 2005
and Discher et al., 2009 make excellent points about complexity in these niches with
factors never in isolation (because of signal cross-talk and impedance in pathways), and
difficulty controlling all these factors simultaneously. Key publications have recently
shown that ESCs can be used to produce dopamine neurons and chondrocytes (Kriks et
al., 2011a) (Oldershaw et al., 2010). The work demonstrates that good ‘functional’ tissue

can be derived from embryonic stem cells by niche mimicking, but these are extremely

38



Chapter | — Introduction

tricky protocols utilizing numerous growth factors, morphoghens and ECM protein
coated surfaces. The problem is that complexity means a lack of scalability, difficult to
control, and not productive because of redundancy (Whitesides, 2013).

The niche provides stem cells with specific cues for survival, maintenance,
proliferation and activation (Solozobova et al., 2012). These are rich in ECM, specific cell
signals and paracrine signalling regimes (Scadden, 2006). These signals are very
powerful which was shown by trans-differentiation of neural stem cells into less
differentiated germ layer stem cells (Clarke et al., 2000a). The niche is multi-cellular
entity with the cells sorted out into specific positions. The signalling in the niche is
extremely complex with differences throughout. For example in the Drosophila ovary
glass bottom boat which is similar to human BMP is found in cells in the outer sheath
and is absent in cells found at the inner sheath (Song et al., 2004). SMAD which is a
transcription factor associated with mesodermic differentiation in pluripotent stem cells
(Lagna and Hemmati-Brivanlou, 1999) is inhibited by bone morphogenic protein (BMP)
signalling (Xu et al., 2008). This is important for retaining pluripotency in embryonic
stem cells. Niche signalling has dynamics with size dependent signalling gradients
(Peerani et al., 2007). By inhibiting growth differentiation factor-3, BMP2 and Smad1l
signalling the differentiation of the stem cells stopped. Controlling the embryoid bodies
with Matrigel islands was effective at retaining the undifferentiated state. Size must
therefore be considered an important factor with in vitro niches. Another dynamic is
that transforming growth factor beta (TGFB) signalling in embryonic stem cells inhibits
cardiac differentiation, but when the TGFB receptor degrades when the mesoderm
forms the cells are unresponsive to TGFB which is biphasic response (Willems et al.,
2012). The most talked about dynamic in neural development is the shh ventral to

dorsal signal gradient. The gradient is seen in vivo to cause proliferation of progenitors,
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and can be partially recreated in vitro because a dose dependence can be seen in simple
cell culture systems (Lai et al., 2003). More faithful recreations of the shh gradient have
been made in microfluidic chips (Park et al., 2009). Another advantage of this set-up was
that the gradient affects cell differentiation of the neural progenitors.

Signalling is also thought to be important in the organization and structure of the
niche, because ephrin is important in tubule organization in kidneys (Ogawa et al.,
2006). The ephrin receptor is richly expressed in structures such as medulla cortex
nephron. Similar functions are fulfilled in cardiac tissue (Genet et al., 2012) in tissue
organization. Ephrin signalling has been shown to have importance with gastric
differentiation for the organisation of stem cells into more mature structures (Batlle et
al., 2002). Crypt and villus cells interact without the intervention of ephrin. Ephrin-B1
knock-out mice displayed bad tissue organization and too much stiffness in cardiac
tissue where elasticity is important. The signalling effects are very powerful where bone
marrow stem cells can take on a neural lineage even though they have a separate germ
layer lineage (Mezey et al., 2000). The process can work the other way with neural stem
cells taking on a blood lineage when transplanted into bone marrow (Bjornson et al.,
1999).

Adult neural stem cells have a distinct niche (Shen et al., 2004). Neural stem cells
in the adult brain reside near endothethial vascular cells where the neural stem cells are
maintained by the release of soluble factors from endothethial vascular cells triggering
the Notch and Hesl pathways in neural stem cells. In cortical and sub-ventricular N-
cadherin (a calcium dependent neural cell/cell adhesion) triggers B-catenin which is
retains neural progenitors (Zhang et al., 2010). This is a mechanism to allow cells to the
progenitors to divide and organize, which was shown with knock-outs. In a histology

paper the architecture of the neural stem cell niche in the ventricular zone was revealed
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(Mirzadeh et al., 2008). It has ‘pin-wheel’ architecture with neural stem cells next to an
ependymal cells with a blood vessel running on the basal process which the neural stem
cells are adhered to. The extracellular niche and the adhesion molecules play a crucial
role in the neural stem cell niche. In a6 integrin knock-out experiments would lead to
abnormal development of the retina and cerebral cortex of mice (Georges-Labouesse et
al., 1998). This was because lamination in those structures was poor. Knock-outs with
small interfering RNA on the B1 integrin will prevent the adhesion of neural stem cells to
fibronectin and reducing the cells sensitivity to EGF and BFGF (Suzuki et al., 2010). The
B1 integrin can be blocked with galectin-1 which is glycoprotein (Sakaguchi et al., 2010),
and highlights a mechanism to control neural stem cell adhesion. Another mechanism
put forward for the balance of neural stem cells to neural progenitors is EGFR and Notch
pathways (Aguirre et al., 2010). Where the EGF signalling would cause a doubling of
neural stem cells. Interactions and changing the balance of between the two (Notch for
neural stem cells division and EGFR for neural progenitor identity) caused changes in cell
identity.

The niche is an obvious target to try and engineer with biomaterials by
immobilizing ECM proteins and soluble signalling factors in precise configurations. The
advantages of immobilizing the factors strong signal sources can be presented (Keung et
al., 2010) and prevention of endocytosis which enhances and sustains the signalling
factors activity (Tayalia and Mooney, 2009). FGF-2 has been covalently attached to
nanofibrillar surfaces (Nur-E-Kamal et al., 2008). Showing higher potency than the
soluble FGF-2, also having a longer half-life when attached to surface. Due to surface
interactions the structure and function of the FGF was more stable. Experiments with a
fibroblast cell line, showed increased biocompatibility. The covalently bonded FGF-2 was

100 times more effective at retaining cell viability. Leukaemia inhibitory factor (LIF),
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maintains the pluripotency of mESCs (Williams et al., 1988), and is widely used in mESC
culture protocols. One form of LIF is a non-diffusible form (Robertson et al., 1993) which
associates with the extra cellular matrix. This type of LIF has been immobilized onto
poly(octadecene-alt-maleic anhydride) (POMA) in (Alberti et al., 2008). The POMA
immobilized LIF was effective for retaining pluripotency of ESCs. N-hydroxysuccinimide
(NHS ester) is versatile for attaching proteins to surfaces NHS esters are commonly used
molecules for bioconjugation in Yao et al. 2007 horseradish peroxidase and chicken
immunoglobulin were attached to polymer brushes by utilizing NHS esters (Yao et al.,
2008) which shows the NHS ester is used to attach proteins selectively. Alternatively,
poly (carbonate urethane) (PCU) scaffolds can be used instead. The PCU scaffolds were
grafted with acrylic acid using a copper catalyst (PCU-AA) (Dubey and Mequanint, 2011).
The PCU-AA was next immersed in NHS to form PCU-AA-NHS Fibronectin. Fibronectin
conjugation was assessed with bicinchoninic acid assay, this assay tells us about total
protein levels. The conjugation method meant that a lot of the fibronectin stayed
attached which leads to more cell attachment. So the method that Dubey and
Mequanint document can be used to attach other proteins (Dubey and Mequanint,
2011).

As proteins are expressed at varying levels, it would be useful to have proteins
immobilized in a concentration gradient. The concentration gradient for patern
formation during morphogenasis based on diffussion was first put forward in the 1970s
(Gierer and Meinhardt, 1972). Through conjugation materials can present a
concentration gradient. bFGF has been successfully immobilized in gradients on
poly(ethylene glycol) PEG hydrogels using NHS ester bonds (Delong et al., 2005). The

authors showed that cells would migrate in the direction of the gradient.
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Using surface science it was shown that 440 nm distance between RGD ligands
would cause cell spreading through the avB3 integrin, and a spacing of 140 nm would
cause the cells to form stronger focal contacts (Massia and Hubbell., 1991). Fifteen years
later Calalcanti-Adam et al. 2006 developed another method to specifically space RGD
molecules on gold nanoparticle surfaces (Cavalcanti-Adam et al., 2006a). RGD is an
integrin binding sequence. The authors found that spacing is a controllable factor with
accurate spacing between the particles. It was demonstrated that a spacing of 58nm
caused the most integrin clustering.

With heparin binding shh, neurotrophin-3 and pdgf have been attached to fibrin
scaffolds (Willerth et al., 2008). The strategy was good at causing the proliferation of
neural cell types, but controlling the fractions was hard. A new fabrication technique for
biochemical gradient has been presented in (Jeon et al., 2013). The authors produced
RGD gradients and dual TGFB and BMP2 gradients which were made in a microparticle
dual injection system. The authors achieved osteogenic following the BMP gradient but
did not achieve the chrondrogenic differentiation in the opposite direction.

As ECM is a combination of proteins the most sensible way to probe interactions
in vitro is as an array of combinations. A famous example of ECM arrays was shown in
Flaim et al., 2005 where 32 different ECM combinations were assessed the impact on
embryonic stem cells. Promising combinations were found, another advantage was
because it was a spot array it driven hepatic differentiation through architecture. The
role of ECM proteins on neural cell cultures are well established, however high
throughput array methodologies might yield further incites because of the scale. On a
PEG substrate with islands of NHS conjugated protein combinations for cell to attach.
Combinations of laminin and jagged-1 were an effective combination for stimulating the

notch reporter cell line which is for neural stem cell maintenance (Roccio et al., 2012). A

43



Chapter | — Introduction

similar high throughput approach has shown that immobilized Jagged-1 was good at
retaining neural stem cells, and bmp4 drive a glia differentiation of the stem cells (Soen
et al., 2006). A recent approach is to combine the ECM arrays with different shapes
(Solanki et al., 2010). By having laminin in different patterns the neuron numbers were
affected. The fraction of neurons was increased in a grid morphology and the cells take-
up the morphology which could lead to more applications. The ECM arrays are useful
tool for finding key endogenous and exogenous signals are un-scalable (Kirouac and
Zandstra, 2008). Therefore a key aim is to be able to get all the advantage ECM
interactions without specifically using these expensive proteins.

The next step would be to produce a synthetic biomaterial causing cells to self
organize into proliferative and differentiating niches. The optimum state would be to
achieve niche engineering without using any exspensive reagents, so that would mean no
highly purified or recombinant proteins. If the engineering was precise enough
differentiating and proliferating niches could isolated to different parts of the same
material. If that could be achived next generation high efficiency biotechnology
production methods such as consolidated bioprocessing (Lynd et al., 2008) would be
possible in cell therapy production. To achieve such methodologies in cell therapy
production the philosophy of interventionism has to change, so more of the stem cell’s

natural abilities are utilized.
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The aim of the work is to enhance the role of the surfaces in neuroscience and
regenerative medicine. To accomplish that aim there were three critical steps:
1. Find the simplest biomaterial parameters/characteristic which when manipulated will
causes changes in cell response.
2. Find the best way to present chemical characteristics on a biomaterial.
3. Vary the chemical characteristic on a single surface to direct changes in cell response
simultaneously.
I Objectives

In the first experimental chapter the purpose of the work was to characterise
and study the cell response of neurons to a range of interfaces. Currently the protocols
to produce dopaminergic tissue for cell therapies are labour and resource intensive.
Lower costs will take the cell therapy closer to clinical adoption. Cell-material
interactions can be used to control cellular processes and behaviors in the place of
expensive reagents. We investigated the responses of primary neural tissue derived
from rat ventral mesencephalon (VM), interacting with a range of surface chemical
functionalities and net molecular properties, because the most rational place to start in
biomaterial design is at the material/biological interface. The different chemical
functionalities were chosen because of their effects on the biological conditioning
process. Six silane surfaces were tested against the PDL laminin coated gold-standard
surfaces. The self-assembled silane monolayers presenting different head groups and
net properties were fabricated on glass coverslips. Samples were fixed and stained to
highlight Tujl (neuron), glial fibrillary acidic protein (GFAP is a glia marker) positive cells
and 4', 6-diamidino-2-phenylindole (DAPI) as a nuclear stain. The neural cell responses

were controlable using the different surface functionalities, because specific substrate
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functionality leads to higher ratios of neurons, longer neurites and neurosphere
spreading capacity. The primary amine functionalised surfaces caused a similar
response to the PDL laminin surfaces in terms of adhession, spreading and maturation.

All of these characteristics indicate a high neuro-regenerative capacity.

The second experimental chapter built on the success of the primary amine
functionalised surfaces from the first experimental chapter. There was further scope to
optimising the primary amine surface, because by adding further secondary amines the
surfaces would have a closer resemblance to biological molecules. secondary amines
feature in peptide bonds which are a major part of proteins. Therefore the interactions
between the surface and proteins are can be more selective because specific motifs on
the protein are targeted. In the material bio-design paradigm the role biological
chemical functionalities have not been properly established. The advantages gained by
following these principles would confront a key concern with the translation of
protocols to produce of dopamine neurons to treat Parkinson’s disease which is the use
of ECM coated surfaces. Using a synthetic surface instead would be a major benefit for
keeping costs down and simplifying the translational process because it remove xeno
and/or recombinant proteins from the process. In this chapter the neurosphere
response is compared between the primary and secondary amine surfaces. In the early

stages of the experiment.

The third experimental chapter’s purpose was to study a simultaneous neural
cell on an amine gradient. Patterning plays an important organizational role in biology in
terms of cell type localization in tissues and development. A key challenge of
regenerative medicine is for cell differentiation protocols to incorporate patterning to
improve on current protocols. Currently the best differentiation protocols use a myriad

of soluble proteins which feature prominently in development, but the proteins are
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expensive and have overlapping roles reducing process control. An orthogonal gradient
was produced following a first principles approach to biomaterial design which
controlled neural differentiation. The orthogonal gradient concentrated differentiated
neurons and neural stem cells/progenitors (present in neurospheres) to different areas
of the surface in the same media. Neurospheres size was controlled with the gradient
providing new insights into the neural niche. The gradients surfaces allowed
simultaneous culture of naive cells and mature cells without expensive reagents leading

towards more productive and controllable tissue culture strategies.
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Chapter Il

2 Methods

2.1 Preparation of Functional Surfaces

The coverslips used were 13 mm coverslips (Thermo). The coverslips were left
in 70% industrial methylated spirit for 24 hours minimum to remove dust and
unwanted debris, and the slides were rinsed in isopropyl alcohol (IPA) and air dried
immediately prior to use 5 functionalities (amine, hydroxyl, methyl, phenyl and thiol,
as shown in Figure 2.1) were prepared by adding 5 mLs of toluene (Fisher, Epsom) to a
glass vial, then adding 50 pL of silane to the vial which binds to the glass coverslips. 30
coverslips added to the vials individually. These were left for 24 hours; the coverslips
acquire the functionality through a condensation reaction. The glass coverslips have
hydroxyl groups at the surface, which is the bond site for the silane. The coverslips
were finally rinsed in toluene and stored in a desicator until used. A range of surfaces
functionalities were afforded included SH, CH, Ph, NH and OH in a single step process.
The carboxylic acid functionality was prepared in a two-step process. First the
coverslips were prepared with the amine functionality as described earlier, using
aminosilane. After the rinse with toluene the coverslips were placed in a second vial
which contained toluene plus 0.005 moles of dissolved succinic anhydride to form the
carboxylic acid functionality through a condensation reaction, where the succinic
anhydride reacts with the terminal amine to form a new carboxyl terminal group to
the amine group. These were left for 24 hours then rinsed in toluene, the resultant

coverslips were stored.
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2.1.1 Self-assembled Monolayers Reaction Engineering

There are two seminal reviews on the kinetics and chemistry of self-assembled
monolayers (Ulman, 1996) (Schwartz, 2001). The first stage of the reaction is that the
silane molecules in the liquid phase are transported to the surface solid phase through
diffusion and convection. The silanes next adsorb on to the surface following Langmuir
type kinetics, the speed to which silane from the liquid phase absorbs on to the
surface is limited by reaction sites on the surface and diffusion/convection of the
silane. The silane molecules in terms of ‘reactivity’ are asymmetrical with very reactive
ethoxy/halogen groups and a less reactive head-group. The ethoxy groups will react
with glass because it is energetically more favourable, minimising Gibbs free energy of
the system, Equation 1. bonds between the siloxane terminus and the glass surface
are covalent, and drive the overall adsorption, with Van der Waals lateral interactions
between neighbouring adhered silanes adding to energy efficient ordered state.
Ethoxy on the silane reacts with hydroxyl on the glass surface in a condensation
reaction to anchor the silane on to the glass. The packing occurs when more silane
molecules absorb on to the surface and reaction sites on the glass get filled and a
highly ordered covalent siloxane bond network.

AG=-TAS Eq(1)

AG is the change in Gibbs free energy
T is temperature
AS is the entropy change
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Silane Head Group

Glass Silane Group

Figure 2.1 — Functional silane monolayers form on glass. 1+2 silane is adsorbed from the liquid phase to
the glass surface in the solid phase. 3 silanes have a disordered conformation on the surface. 4 packing
starts where an ordered covalent bond network begins to form. 5 closely packed functional monolayer.

2.2 Preparation of the NIPAAm Gradients

The polymerisation reaction to make the N-isopropylacrylamide (NIPAAm)
polymer gradients is called atom-transfer radical-polymerization (ATRP) which was
first described simultaneously in the 1990’s by Toshinobu Higashimura’s and Krzysztof
Matyjaszewski’s groups (Kato et al., 1995) (Wang and Matyjaszewski, 1995). The
kinetics of ATRP is well understood for different polymers (Matyjaszewski et al., 1997)
(Zhang et al., 2001). The key aspects show that polymerization is a first order process
with respect to initiator concentration, so the ATRP polymerization reaction is easy to
control and terminate. There are more advantages to ATRP such as: polymer
branching being easy to control, concise methodology only requiring widely available
reagents and cheap apparatus (Patten and Matyjaszewski, 1998). Numerous polymer
systems can be synthesized with properties that can be tailored for the task. Synthesis,
polymers and functionalization is extensively reviewed in (Barbey et al., 2009). A range
of polar and non-polar solvents can be used providing environmentally friendly

processes.
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Reaction Engineering NIPAAm Gradients

The ATRP polymerization reactions works has four smaller reactions occurring:

initiation, propagation, transfer and termination (Braunecker and Matyjaszewski,

2007).

Initiation

Initiation dissociation (radical formation from initiator)

K °
[-52R
Eq(2a)
Initiation of polymerization
° K;
R +M-Mr
Eq(2b)
Propagation
Kp
M + M- M,/
Ea(3)
Termination
. Kic
Mn® + Mm — M, .
Eq(4)

The ATRP stages were adapted from a PhD thesis (Bergenudd., 2011). Eq(2a) is the

radicalization of the surface bound initiator through the loss of bromine in our specific

case. Eq(2b) is the initiation of the ATRP polymerization from monomers. Eq(3)

represents the propagation of the polymer through the radicalized polymer or

monomer combining with a non-radicalized polymer. Eq(3) is transfer the of radicals

when it is independent of radicalized monomers or polymers. Eq(4) is the termination

of the reaction. The use of a catalyst reduces the energy of activation through

chemical co-ordination.
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Radical polymerization (Rp) and degree of polymerization (DP,) was adapted
from (Braunecker and Matyjaszewski, 2007). Rp is a function of efficiency of
polymerization initiation (f) and the rate constants (rate of a specific chemical
reaction) of radical initiator decomposition (kd) which is the initial radical, propagation
(kp) and termination (kt). Eq5 shows a the first order stage of the reaction where the
initiation rate (kd) is a lot larger than the termination rate. When the reaction is in the
zero order phase the initiation rate and termination rate are equal. Eq6 shows the
degree of polymerization (Dp,) when independent radical transfer does not have to be
considered. The degree of ATRP polymerization is a reciprocal of the square root of
radical initiator concentration, as shown in Eg6.

Radical Polymerization Rate
Rp = kp[M 1(fkalllo/ke)'/?
Ea(5)
Degree of ATRP Polymerization
Dpy = kpM 1(fkallloke) ™2
Eq(6)
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2.2.2 Orthoganal NIPAAm Gradients on Microscope Cover Slides

1. Initiator attachment ?"
OH OH Z-Bromnisnbuty!w! Bromide / H;;C—CI—CH_l
Acetonitrile 0=C
|
25°C, 0 2 10Hrs (I) (I)H
2. Polymer growth CHs CH,4
l|3r NIPAAm/ Propan-2-ol _ H
H:;C—(II—CH3 /PMDETA/0.01M CuBr ~ o
0=C 5
o OH 25°C, 0 > 10Hrs H,C— I—CH3
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Figure 2.2 — NIPAAm gradients were prepared in two main stages. An initator gradient was made first.
The slides were flipped round, and the chamber was gradually filled with polymer solution to produce
the dual orthogonal gradient. The NIPAAm polymer brushes were formed a ‘grafted from’ reaction.

Figure 2.2 shows the preparation of the NIPAAm gradients. 18 mm * 18 mm
square microscope coverslips (Fisher/Menzel Glaser) where immersed in Piranha etch
solution 3:1 sulphuric acid: hydrogen peroxide (Sigma). The purpose was to clean the
surfaces through oxidation with removal of organic matter and addition hydroxyl
groups to the cover slide surface for ATRP. The oxidized cover slides were washed with
distilled water to remove the piranha solution and washed with methanol to remove
residual distilled water. The coverslips were scored with an arrow so the backside to
indicate directionality of the intended gradients. The treated cover slides were stored
in plastic Petri-dishes (Grenier) and sealed with parafilm, and placed in a desiccator to

prevent long term condensation.
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The mould for the ATRP was made out of PDMS. 45 mL of potting compound
was mixed with 5 mL of bonding agent (Farnell) in a 50 mL disposable centrifuge vial
(Dow-Corning). The PDMS was set for 5 days in a square Petri dish (Sarstedt). Once the
PDMS was firmly set, it was removed and cut with a scalpel to the dimensions to hold
six microscope slides (26X76mm) (Fisher). The reactor was cut with the dimensions of
17 mm * 53 mm which made space for three 18 mm * 18 mm square coverslips could
fit where they sat on a slight lip to hold the coverslips. The reactor volume was roughly
3.6 mL. It was important to have the arrow on the outside of the reactor, and the
arrow pointing upward. A 26 mm * 76 mm microscope slide was placed on the outside
round the 18 mm * 18 mm square cover slides to create a seal and held together with
bulldog clips, under constant pressure to ensure the seal was kept throughout the
experiment

The chemistry and the fabrication method used to make the orthogonal
gradients is adapted from (Wu et al., 2003) by combing ATRP and filling. A syringe
needle was placed in the top of the reactor to allow the displacement. A polymer
density gradient was made by having a seeding the surface with an initiator. Infilling
the chamber with NIPAAm reactant soutuion, with a pre-ATRP initiator coated
coverslip held in the chamber onto which the polymer could be grown from. A syringe
was filled with 2% a-bromoisobutylryl bromide in acetonitrile. A needle was running
out in to the reactor and the syringe was placed in a syringe pump, and the reactor
was filled over a 9 hour period at 22°C. The reaction was stopped by washing the
samples in acetonitrile. The reaction works by one of the bromines on the from the
a-bromoisobutylryl bromide dissociating and the remnant molecule bonding with

silinols on the piranha etched microscope coverslip.
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A NIPAAm polymer gradient was grafted on to the 2-bromoisobutylryl bromide
initiator density gradient. The glass slides where flipped over to have an orthogonal
gradient. NIPAAm, copper bromide and N,N,N’,N"”,N”-pentamethyldiethylenetriamine
(Sigma) were dissolved in propan-2-ol (Fisher). The solution was sparged with nitrogen
gas and stirred for 20 minutes to remove oxygen radicals. Once sparged the
polymerization solution was taken into a 20 mL plastic syringe (BD sciences). A syringe
needle was placed in the top of the reactor to allow the displacement, so inflow was a
smooth process. A needle was running out in to the reactor from the syringe and the
syringe was placed in a syringe pump (Hamiliton), and the reactor was filled over a 9
hour period at 22°C. The filling process was done in a nitrogen atmosphere to prevent
the loss of radicals which would halt the reaction. The ATRP polymerization of NIPAAm
was stopped by washing the slides with propan-2-ol. The slides were stored until they
were used. The reaction works by having the CuBr (catalyst) dissociate in the presence
of N,N,N’,N”,N”-pentamethyldiethylenetriamine (ligand) creating Cu ions that will
catalyse the NIPAAm polymerisation. The NIPAAm polymerization reaction is initiated
by the NIPAAm monomer bonding to the a-bromoisobutylryl bromide (initiator)
anchored to the surface. The bonded NIPAAm monomers are radicalized so polymer

brushes can be propagated.

55



Chapter Il — Methods

2.3 Surface Characterisation

2.3.1 Water Contact Angle (WCA) Measurements

WCA is a measure of chemical polarity at the biomaterial surface interface.
WCA will affect the protein conditioning process meaning some proteins controlling
cell adhesion or signalling will bind differently. The measure was made by adding
water (polar solvent) droplets to a surface; and depending on the interfacial polarity
the droplet will either maximise it’s exposure (hydrophilic), or minimise it's exposure
(hydrophobic). Hydrophobic materials attract proteins such as c3 fibronectin and
vitronectin. Hydrophilic surfaces attract proteins like albumin.

In the method a droplet of water is added to a surface and the spread of the
droplet is assessed. If the water droplet has a low angle (0-30°) the surface is
hydrophobic, if the droplet has a low contact angle the surface is hydrophilic (>90°).

50 mLs of Ultra-pure water (Millipore, Watford) was collected. The NI-IMAQ
camera was put into focus; 5 pL of the water was added to the coverslip with a
Hamilton syringe. 20 droplets were placed and imaged on the gradient surface with
the varying wettabilies recorded. Using Measurements & Automation software
(National Instruments corp), pictures of the droplet are taken. This was repeated five
times. The contact angles were measured with Imagej (http://rsbweb.nih.gov/ij/)
using the LB-ADSA plugin (http://WWW.epfl.ch/demo/dropanalysis/). Water droplets
images were taken from immediately after addition to the surface. Individual drops
were imaged across each of the surfaces produced, taking a mean average of at least 3

drops.
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2.3.2 Fourier Transform Infrared Attenuated Total Reflectance (FTIR-ATR)

FTIR-ATR  (Nicolet instruments, ThermoSpectroscopy Cambridge) was
performed. Infrared spectroscopy is a technique where a sample is subjected to
various wavelengths of infrared energy. Chemical bonds are characterised as a
vibrational energy, so if the sample receives the corresponding wavelength of infrared
energy, the IR will resonate with bond energy resulting in adsorption. The absorbed
wavelengths are attenuated (loss of intensity) by the absorption process, which is
detected. The following step is for a Fourier transform algorithm to transforms the
time based function into a frequency based function which is relevant to chemical
bonds (because a bond vibration is a frequency). The spectra which is analysed has to
be coherent which is a signal processing principle about the relationships and
differences between signals. In FTIR-ATR it would be about the difference in the
input/output signals.

Background measurements of air were run for every sample to eliminate
Spectral noise arising from vibrational atmospheric water bands. Samples were
handled with needle tip forceps (Squires Tools) and placed on the measurement stage.
Samples were analysed on a thermo scientific is 50 fitted with a germanium single
bounce ATR. An air background was taken immediately prior to each sample, with 124
scans being averaged at a resolution of 4 cm™. Data was collected using Omnic v9,

being exported as CSV for data analysis within Originlab v9.
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2.3.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS provides a technique to look at the elemental composition, film depth and
the electronic state of a surface. XPS does not require any sample preparation, and is
done under vacuum because of the sensitivity of the method. The main principle of
XPS is that a sample is irradiated with monochromatic beam of x-rays which causes
excitation of the chemicals on the surface which causes a release of photoelectrons
(Ke). From the number of electrons and kinetics the chemical composition can be
elucidated. K. is unique for atoms and their various states (Ratner et al., 1993). The
surfaces are excited with xrays.

XPS has a penetration depth of roughly 100 A (Ratner et al., 1993), and in
polymers the depth is lower at 30A. Dependant on the energy used and x ray angle of
incidence. The inelastic mean free paths of photoelectrons in the material are limited,
thus emitted photoelectrons cannot escape the material beyond that depth, making
XPS a surface specific technique. For samples with heterogeneous coverage angle
resolved XPS works best because it shows the different intensities of the

photoelectrons at different emission angles.
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Figure 2.3 — Schematic of an XPS rig. The sample is placed on a stage where it is exited at an angle to get
depth penetration of the sample. The measurements are made under vacuum to get accuracy from the
detector. 1 sample deck. 2 excitation probe. 3 measuring probe. 4 vacuum pump.

7

The XPS surface analysis was performed using the Theta Probe instrument
equipped with a monochromated AlKa source (Thermo Scientific) which was the
excitation source in the national EPSRC XPS user's service (NEXUS) facility at Newcastle
University. A pass energy of 200 eV (which works like a high-pass filter where electrons
under a certain energy are filtered out) and a step size of 1.0 eV was employed for all
survey spectra while a pass energy of 40 eV and a step size of 0.1 eV was used for high
resolution spectra of the elements of interest. A flood gun was used for charge
compensation which was used to cope with electron loss from the sample.

The gradient was measured at 25 different regions across the gradient surface
in a five by five grid, allowing data on element composition and to verify that the
chemicals were properly covalently bonded to the surface. Amine content was
analysed via the N1S band along with C1S for carbon units (Table 3).

A pass energy of 200 eV and a step size of 1.0 eV was employed for all survey
spectra while a pass energy of 40 eV and a step size of 0.1 eV was used for high

resolution spectra of the elements of interest. A flood gun was used for charge
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compensation. Data acquired was analyzed using CasaXPS software. pKa of surface

presented molecules was calculated from structural information using ACDlabs

software v12.

Table 3 — Relevent XPS element energies

Energy /eV | Element | Level
69 Br 3d
168 S 2p
284 C 1s
399 N 1s
532 0 1s
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2.4 Cell Culture On Silane Surfaces

2.4.1 Cell Culture Functional Surface Studies

To better model the neurons affected in Parkinson’s disease primary midbrain
neurons were dissected from E12 rats. Primary VM tissue was used because it contains
a diverse and natural cell population of purely neural cell types. A benefit of using rat
tissue is the similarity to human neurospheres (Reynolds and Weiss, 1996), without
the trouble of producing high quality neurons from stem cells. Rats gestate for 22 days
(EO-E21), so E12 midbrain dissections were selected because classic radiolabelling
experiments show that the first dopamine neurons emerge around E12 (Altman and
Bayer, 1981).

Tissue used in the experiments was from E12 Sprague Dawley rat embryos in
accordance to UK Home Office animal’s act 1986. Pregnant rats on the first day form a
vaginal plug, these are designated ‘EQ’. At E12 (12 days after a plug was spotted) the
pregnant rat was sacrificed following schedule 1 guidelines. An incision was made in
the abdomen using scissors, the uterine horn was removed, and embryos were
removed and placed in cold (4°C) dissection media, listed in appendix 11. The embryos
were removed from sacs, under a dissection microscope (Leica UK); ventral
mesencephalon (VM) tissue was removed. The method was to first make a ‘V’ shaped
cut at the top of the embryo’s brain to remove the midbrain as shown in Figure 2.4.
The next step was to cut along the top to unfold the tube-like structure. The resultant
pieces usually resembled a butterfly, from that the VM was removed (the central part),

the process is shown in Figure 2.5.
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VM dissection tissue was placed in 0.1% trypsin in Hanks balanced salt solution
(Worthington Biomedical Corp) for 30 minutes at 37°C to dissociate the structure. A
pellet formed through natural sedimentation, after supernatant aspiration the pellet
was washed three times with 200 pL of 0.05% DNase in dissection medium
(Worthington Biomedical Corp.) to digest extracellular nucleic acid released by lysed
cells, the structures were dissociated mechanically with a pipette. On the third wash,

the pellet was centrifuged at 700 RPM for 5 minutes.

Figure 2.4 — Dissection of the developing midbrain from E12 rat embryos. 1 Neural tube removal.
2 Opening of the neural tube. 3 isolation of developing midbrain. 4 Tissue which produces
neurospheres.

2.4.2 Neurosphere Culture

To derive neural stem cells and progenitors for experiments neurospheres
were cultured. To quench proteolytic activity of any residual and trypsin, following
centrifugation, the DNase was aspirated and the pellet was re-suspended in 1 mL of
NPC media (Appendix 11). Cell counts were performed with a haemocytometer and
T25 flasks (Greenier Bio-One) were seeded with one million cells/ mL. Once seeded 7
mLs of NPC media was added, NPC contains bFGF which causes formation
neurospheres which grow because of proliferation; these were incubated at 5% CO,
and 37°C. After 24 hours a further 3 mLs of NPC was added. Every 48 hours fresh NPC

media was added to replace old media which was aspirated. The T25 flask was placed
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upright and left for five minutes; this caused sedimentation of the neurospheres,
preventing accidental removal. To avoid excess media 2 mLs of NPC was removed, and

then 2 mLs of fresh NPC media was added to the T25.

2.4.3 Neurosphere Passage

Smaller neurospheres were used for various reasons including: increased
supply of food, more uniformed spheres, and making the microculture technique and
analysis easier. In normal cell culture passaging is the process where cells are detached
and transferred to fresh media. In the context of neurospheres; passaging is the
process of splitting up the spheres into single cells and transferring them to fresh
media.

Neurospheres were passaged after 7 days in culture. The neurospheres plus
NPC media were taken from the T25 and centrifuged at 700 RPM for five minutes to
create a pellet. The NPC was aspirated off and the neurospheres pellet was re-
suspended in 0.5 mLs of fresh NPC. This was transferred to a 1 mL Eppendorf tube
(Eppendorf UK, Cambridge). The neurospheres were dissociated mechanically into
single cells using a pipette. The single cell solution was transferred to a fresh T25 with
7 mL of NPC to provide a high yield of neurospheres. The T25 was incubated (37°C,
5% CO,) for three days to facilitate division and the formation of smaller

neurospheres.

2.4.4 Neurospheres Microculture

Microculture is a method to miniaturize cell culture experiments. The primary

advantage is being able to test a lot of experimental conditions with limited biological
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material, usually cells and proteins. The microculture ensures that the neurospheres
adhere to the various glass coverslips and not the well plate, before the well is filled
with media. Micro-culturing was performed on all surfaces which is depicted in
Figure 2.5.

The P2 neurospheres were taken from the T25 and centrifuged down at
700 RPM for 5 minutes. The supernatant NPC was aspirated off, and the neurospheres
pellet was re-suspended in 1 mL culture media (Appendix 11). Neurosphere counts
were performed using a haemocytometer. A stock solution of neurospheres and
culture media was made to provide 30 pL micro-cultures containing 200 neurospheres;
in the method the microculture solution was continuously rocked manually during
seeding to prevent settling of the neurospheres. 30 uL was pipetted into the centre of
a surface within each well in a 24 well-plate (six of each surfaces was seeded). The
coverslips were incubated at 5% CO, and 37°C overnight, next morning 0.5 mL of
culture media was added to every well. Every 48 hours afterward 0.5 mLs of culture

media was added to each well.

Dissection Trypsin, 20mins Remove supernatant

embryonic rat tissue 3 x Wash DNAase Re-suspend in NPC media
7 days of
neurosphere
p culture, passage
J followed by 3 days
4 of culture in NPC
— ] <5 —
—(p
. Seed T25
Centrifuge

Seed ~ 200
neurospheres/slide as a
microculture

/\ p Culture 3,5
/ N &7 days
x Y ‘8
)

IHC Fluorescence Scanning Microscopy

Figure 2.5 — Workflow for cell culture in all the functional monolayer surface work. First there was
dissection, then neurosphere culture, experimental cell culture and analysis.
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2.5 Cell Culture Gradients

Cortical neurons were chosen for these studies because cortical neural
progenitors and neural stem cells can be sourced from this area over a long period. At
E8 50% of the cells in the developing CNS are neural stem cells (Kalyani et al., 1997).
The population of neural stem cells fall to 1% on P1 (Kalyani et al., 1997).
Neurospheres have been derived E14 rat neurons in EGF media stem cell media
(Reynolds et al., 1992). The neurogenesis of cortex of rats continues for 15 days post

natal, which was shown with thymidine—H3 radio labelling (Altman and Das, 1965).

2.5.1 Primary Rat Cortical Neurons

Primary rat frontal cortical tissue was removed from timed pregnant Sprague
Dawley on the 16" day of gestation (E16). The pregnant rat was sacrificed in
accordance to Home Office standards (schedule 1). An incision was made in the
abdomen using sterile standard scissors, the uterine horns were removed. Using
needle tip forceps the embryos were removed from the ovules placed in cold (~4°C)
dissection media. The following dissection steps are carried out using a dissection
microscope (Leica UK). Heads were removed from the bodies, so the developing brain
could be removed with needle tip forceps. Next the meninges are peeled with needle
tip forceps which exposes the frontal cortex that was cut out with fine surgical scissors
(Fine Scientific Tools). The dissected cortical pieces where digested to form single cells
with 0.1% trypsin in DMEM for 30 minutes at 37°C. A pellet formed through natural
sedimentation and the trypsin solution is aspirated away from the pellet which was
washed three times with 200 pL of 0.05% DNase in dissection medium (Worthington

Biomedical Corp.) to digest extracellular nucleic acid released by lysed cells making the
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solution less viscous. Once the DNase is aspirated the cells and washed with media,
centrifuged for 3 minutes at 700 RPM and aspirated to remove any residual enzyme.

The cell pellet is suspended in media and mechanically dissociated to get single cells.

2.5.2 Seeding the NiPAAm Gradients with Primary Cortical Rat Neurons

From the dissected pieces cell counts are performed to calculate the cell
number. The cell solution is diluted with culture media to get 100,000 cells/ mL.
Figure 2.6 shows the cell culture workflow on the NIPAAm gradients. The NIPAAmM
gradients are placed in a 6 well plate (Greiner) and stuck down with silica grease
(RS components). The gradients are drawn round with a PAP pen (Dako) to confine the
micro-culture. 0.7 mL of cell culture media solution is pipetted on to the gradient and
the droplet is spread around the gradient surface to provide homogenous coverage.
The coverslips were incubated at 5% CO, at 37°C overnight, and the wells were

flooded with culture media and incubated to the 4 day time point.

Trypsin, 20mins
3 x Wash DNAase
Dissected rat
embryonic (E16) _§ c :
cortical tissue ——* __%
Centrifuge
1

)

x/\'v i\ ¢

Culture 4 days

Seed gradients
with 70,000

l cortical cells

—

IHC Fluorescence Scanning Microscopy

Figure 2.6 — Workflow for gradient cell culture. What the work flow shows is a simplification of the
earlier workflow in Figure2.5.
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2.5.3 Neurospheres

To provide a comparison to show the extent of tissue sorting in the gradient
surfaces neural spheroids (neurospheres) that retain the neural stem cells free floating
neurospheres were compared to gradient neurospheres. Single rat cortical neurons
were prepared as described previously cell counts were performed with a
haemocytometer and T25 flasks (Greenier Bio-One) were seeded with one million
cells/ mL. Once seeded 7 mLs of NPC media was added, NPC contains bFGF (stem cell
mitogen) which causes formation and proliferation of neurospheres that serve as the
in vitro niche for neural stem cells (Vescovi et al., 1993b); these were incubated at
5% CO, and 37°C. After 24 hours a further 3 mLs of NPC was added. Every 48 hours
fresh NPC media was added. The T25 flask was placed upright and left for five minutes
causing sedimentation of neurospheres which prevented accidental removal. To avoid
excess media 2 mLs of NPC was removed, and then 2 mLs of fresh NPC media was

added to the T25.

2.6 Fixing and Immunohistochemistry (IHC)

IHC provides a technique of exposing cellular antigens meaning cell types can
be identified. The principle is simple: a primary antibody (e.g. murine B-llI-tubulin)
attaches to an epitope on a cell structure. Next a secondary (e.g. goat anti-mouse) is
added which contains a fluorophore. The fluorophore is important because it is excited
by fluorescent light which can be viewed with fluorescent microscopy, therefore cells
positive for the specific antigen will fluoresce.

At the 4 day time-point cells were fixed for IHC. First media was removed from

the wells and cells immobilized/fixed in 3 mL of 4% paraformaldehyde (PFA) solution
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for 15 minutes in a water bath at 37°c to stop the cells detaching. After a wash with
tris buffer solution (TBS) the wells were inspected for the presence of cells under a
standard upright lab microscope. Three out of six wells were selected for staining;
non-specific binding sites on the cells were blocked by serum with 2 mLs of 5% goat
serum block solution for 1 hour at 4°C. After a wash with TBS 2 mLs of primary
antibody solution containing B-llI-tubulin (neural marker 1 in 500 dilution) and GFAP
(glial marker 1 in 1000 dilution) antibodies to show cells with mature neural
phenotypes. SOX2 (1 in 1000 dilution) and nestin (1 in 300 dilution) primary antibodies
were added to stain for neural stem cells and progenitors. The samples were
incubated with primary antibody solutions overnight at 4°C. Following a TBS wash step
a secondary antibody solution containing the FITC and TRITC fluorophore tagged
antibodies (Cheshire Sciences) were added. Which were left in a dark place for two
hours. The cells were washed one final time in TBS. The samples were mounted on
microscope slides with hard-set DAPI mounting media (Vector Labs). The DAPI is a

fluorescent dye that binds to nuclear material within the nucleus.

2.7 Microscopy

2.7.1 Bright-field Microscopy

Phase contrast bright-field is a simple form of microscopy where the refractive
differences between materials where some light is retarded which creates an effect
that the objects are out of phase making contrast greater. This is done with specialist
objective lenses or phase plates which focuses on the specimen and retards the

scattered light.
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Bright-field colour images of the cells on the gradients were taken so
neurosphere size and location can be recorded. Samples were viewed with an
automated scanning XY stage Nikon Ti microscope (Nikon Instruments Europe). Images
were taken using a 10X phase contrast objective lens with a split colour/monochrome
ICCD DS-Qil CCD camera (Nikon Instruments Europe). Images were saved as meta files
in the ND2 format and opened in Imagel using ND2 reader plugin
(http://rsbweb.nih.gov/ij/plugins/nd2-reader.htML) and resaved as TIFF metadata
encode image files. The images were split into 25 images using a custom Python script

written by at Keele University by Dr Paul Roach.

2.7.2 Epi-Fluorescence Microscopy

Fluorescence microscopy works on a simple principle that is when a flurophore
conjugated antibody or fluorescent dye is exited at one wavelength it emits at
another. High intensity light is split into fluorescent light wavelengths with a
florescence filter. The excitation fluorescent light makes its first pass through the
dichromic filter which lets light of one wavelength through and light of another
wavelength out. On the Nikon Ti microscope the dichromic filter and fluorescence
filter are consolidated into a unit called a filter block.

The florescent light goes through the object and is focussed on to the sample
which excites stains on the sample causing a fluorescent emission. The emitted light
goes through the objective lens which also magnifies the sample, and then through the
dichromic mirror. In a phase contrast system the goes through a phase plate to
heighted the contrast between the contrast between materials. The emission is

detected by an ICCD camera (intensified charged coupled device) to provide an image.
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Fluorescence images of the neurons on the gradients were made to assess
attachment, migration and differentiation. The cells were viewed with an automated
scanning XY stage epi-fluorescence Nikon Ti microscope (Nikon Instruments Europe).
Images were taken using a 20X phase contrast objective lens with a split
colour/monochrome ICCD DS-Qil CCD camera (Nikon Instruments Europe). Pictures
were taken under three filters listed in Table 4 second of exposure was used for DAPI
images 15 seconds of exposure was used for the FITC and TRITC images. All images

were acquired with 1X gain.

Table 4 — Excitation and emission wavelengths of the filters from fluorescence microscopy in the
experiments.

Filter Excitation Wavelength Emission Wavelength Colour
and Colour
DAPI 358 nm 461 nm Blue
FITC 488 nm 518 nm Green
TRITC 541 nm 572 nm Red

Images were stitched together with 5% overlap using NIS Elements advanced
research version 3.2.1 (Nikon Instruments Europe).

Image measurements and analysis were performed with a combination of
Imagel (http://rsbweb.nih.gov/ij/) and NIS elements advanced research version 3.2.1
(Nikon Instruments Europe). After cropping and rotating a 5X5 grid is placed over the
image. The biological responses assessed were: glia and neuron migration, glia and
neuron lengths, neurosphere areas. Data was imported into excel for validation and

manipulation, using Origin v9 for statistical analysis and further presentation of data

2.7.3 Single Photon Confocal Microscopy

Imaging 3D samples is very challenging and expensive specialist imaging
equipment has to be used to image the sample. Confocal laser scanning microscopy

(CLSM) is used for 3D imaging and is popular because of the sectioning in the images
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light is aimed into precise areas of the sample with scanning mirrors, and motorized

sample stages. Only focused emitted light gets to the detector because of a pinhole

aperture, because normal fluorescent microscopy will let unfocussed light through

which means lesser quality of the sectioning and the illumination of the sample is not

as powerful which makes imaging the insides of the sample very hard. The focused

emission is measured and collected with a photon multiplier tube which can detect

low light intensities. Confocal microscopes comes in various forms shown in Figure 2.7

with different advantages and disadvantages which are listed in Table 5.

Table 5 — Advantages and disadvantages of different methods of confocal microscopy

Type

How it works

Advantage

Disadvantage

Single photon
confocal laser

With a combination of excitory lasers and a
motorized stage, the ROl is scanned. The

Sectioning quality
Flexibility with lasers,

Slow image
acquisition (not

scanning sectioning quality of the z stack is a result | filters and samples optimal for live
microscopy of the confocal aperture. Ubiquity and cell experiments)
innovation
Multiphoton Two low intensity infrared photons | Highest penetration Limited to red
photon (penetrates further than visible light) cause | depth and green
confocal laser | emission of one photon from the stain | Excellent point of detection
scanning which is detected. The section quality is a | spread function Slow scan speed
microscopy result of the highly localized excitation. Un-flexible
Spinning disk Instead of scanning mirrors there is a | Fastimage Lower robustness
confocal spinning disk with apertures which excites | acquisition, so it is due to moving
microscopy multiple parts of the sample. There is a | brilliant for live cell parts

second spinning disk with the confocal
apertures which lets focussed emissions on
to a high quantum efficiency ICCD camera.
The system requires  sophisticated
controllers and computers to make images.

experiments

Lesser sectioning
quality
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Figure2.7 — Different schematics of fluorescent microscopy. Orange arrows are focused emissions, and
purple dotted lines are unfocused emissions. A standard epi-fluorescence microscopy. B single photon
confocal microscopy. C multi-photon confocal microscopy. D spinning-disk confocal microscopy.

To demonstrate cell sorting within neurospheres according Malcolm
Steinberg’s differential adhesion hypothesis single photon confocal microscopy was
performed on parts of the gradient samples and whole neurospheres fixed
neurospheres using a Olympus FluoView FV1200 confocal laser scanning microscope.
Samples were imaged with multiline argon lasers at (453/488/515 nm). Signals from
the samples are picked-up with photon multiplier tube GaAsP detector unit. Images
were taken with a UPLSAPO40XS 40x oil immersion objective to verify the localization
of markers to a cell. The images were taken in the XYZ axis to inform on sample depth
and encompass whole neurospheres in one image because whole neurospheres can
not be imaged in one field of view, because a neurosphere spreads across multiple Z

steps.
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TRIF Confocal Epi-fluorescence Spinning-disk

Figure 2.8 — Different resolutions and sectioning qaulity of microscopy techniques. Block-red means
focused, and faded red is un-focused.

Images were taken were imported into Imagel using the import plugin. Kalman
filtering was used for to increase the signal to noise ratio and 3D image composites

were also made in Imagel using plugins.

2.7.4 Silane Confocal

Single photon confocal microscopy at University of Nottingham to characterise
the 3D neurosphere biomaterial colonization process on silane functional surfaces. The
microscope used was a Zeiss LSM 710 confocal laser scanning microscope with
20x objective. A key aim was to build-up a better picture of where the different cell
populations were found by using 3 wavelengths to excite the immune stains

(488 nm argon laser, 543 nm HeNe laser and propidium iodide laser).

2.8 Quality Controls and Statistics

The outputs of cell response to surfaces were validated using statistical quality
control. High quality will inform on parameter robustness and repeatability. Once
established the main effects of the parameters can be established, which can be
further optimized in a clear way making the surfaces or the design principles more

productive.
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QQ plots were also produced as a judge of normality. A guide to interptreting
QQ plots is shown with Figure 2.9, so skews in the data sets are made more obvious in
QQ plots comparied to histograms. QQ plots are quantile-quantile which shows two
probability distributions plotted against each other. This makes qq plots superior for
quality control compared to histograms, because real judgements can be made. The
dots are quantile values which are a cumulative distribution function of a random
variable, and the blue line is a normal distribution reference line. QQ plots can be
interpreted by looking at where the values fall with regards to the normality reference
line. In a normal distribution all the values are directly on the line. In a normal
distribution with fat tails, most the values fall on the reference line except the values
at the lowest and highest end which move away from the line. In a distribution with a
positive skew (where values are mostly at the low end, small dominates) the values
curve upward on top and away from the normality reference line (upward parabolic
curve). If the distribution has a negative skew (most values fall in the top end, big
dominates), the values curve downward below and away from the normality reference
line (downward parabolic curve, like a kinetics graph) to perform standard
comparative statistical tests such analysis of variance (ANOVA) normality of the data

set has to be proven.
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Figure 2.9 - QQ plots showing the different skews of data compared to normal distributions which
provides a powerful tool to inform on any data transformations.

QQ plots were produced for each set of combined measurement data outputs,
and were judged using QQ plots To cope with skews which were shown in the
combined data sets transformations were performed using an online calculator found
at (http://vassarstats.net/trans1.htML) to make the data follow a normal distribution
which is an important prerequisite for statistical testing (Howell, 2012). To verify that
the distribution of all the data sets used have an equal distribution to test the
distributions of data were equal which is another prerequisite for statistical
comparisons a Levene’s test was performed in Originlab V9. Levene’s test showed that
the distribution between the groups.

The purpose of statistical testing is to test whether a null hypothesis (a
treatment has no effect) can be rejected. In all the experiments there where more

than two experimental groups which ruled out parametric A/B tests such as t-test. If
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multiple t-tests are used instead of multiple groups the chances of getting false
positives is raised. Therefore analysis of variance (ANOVA) was performed to compare
multiple means. The ANOVA tests if the overlap of variance (spread of data) between
multiple groups. The data is re-plotted as an f axis to compare the means of the

groups. Strictly speaking a P value has to be calculated from an F value which is:

found variation of the group averages

~ expected variation of the group averages

A large F value means it is more likely that the null hypothesis can be rejected.
The expected variation is the overall average made from all the data. The individual
group averages are compared against the overall average.

A P value of less than 0.05 was judged as significantly different, and that the
null hypothesis can be rejected. The P value serves as a summary of experimental the
data assuming a specific null hypothesis. Significance is 1-confidence interval. The
confidence interval provides an estimated range of values (the interval) which is likely
to include an unknown population parameter (the probability value in % units), the
estimated range which is calculated from sample data. The confidence interval of 95%
comes from statistical tables written by Karl Pearson about hundred years ago
(Pearson, 1914), which were a staple of statistical testing before automate
computerized techniques were used. It is important to understand limitations of any
statistical technique. In a recent article it was highlighted that the P value for example
of 0.01 being the probability of the result being a 1% chance of the data being a false
positive, and the actual probability is 11% (Nuzzo, 2014). To work out the probability
of a false positive a second piece of information is required (the underlying probability

of a true effect) to infer that.
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3  Control of Primary Neural Stem Cell Fate, Adhesion and Morphology with Defined

Surface Chemistry

3.1 Introduction

Great progress has been made over the past decades towards the regeneration of
single tissues (e.g. skin, bone) and more complex organs; however regeneration of
nervous tissue remains a challenge. Solutions to the produce better stem cell therapies to
treat neurodegenerative diseases such as Parkinson’s disease could be solved using
approaches from physical sciences. Current drugs and treatments for Parkinson’s disease
such as levodopa and deep brain stimulation surgery only treat symptoms not disease
progression. Neural stem cell transplants in a rat lesion model of Parkinson’s disease have
demonstrated site specific migration, engraftment and transcription (Fricker et al., 1999).

A key aim for biomaterial design is to get a better resemblance of the cell niches in
vitro. The complexity of the niche environment and necessity to achieve neural alignment
and specific re-connectivity is challenging. Interaction between cells and their
microenvironment provide the conditions for tissue growth, which is important for
regeneration of complex neural architecture. Poor clinical outcomes are largely
associated with the limited capacity of the central nervous system for self-repair, with
glial scarring following damage to neural tissue that compromises the ability to
regenerate neural circuitry. Strategies to minimize such inhibitory effects whilst
enhancing neural cell re-growth are key in terms of nerve engineering. Cell replacement
strategies for the treatment of neurodegenerative diseases such as Parkinson’s currently
focus on the use of primary neural stem cell-derived populations, harvested from
embryonic, developing ventral mesencephalon (VM) mid-brain tissue due to the

abundance of dopaminergic neurons. The preclinical research has been met with limited
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success due to the low differentiation efficiency of stem cells to specific neural
populations, the inability to remove dividing cells from transplants leading to overgrowth
in vivo and inhibition of axonal outgrowth by the adult brain microenvironment. By
controlling cell-material interactions we aim to control cellular processes which enhance
regeneration capacity by addressing all three shortcomings.

Stem cells which will be the basis of cell therapies reside in specific niches, here the
stem cell divide and their key properties are retained. Another property of the niche is to
keep the stem cell populations confined, preventing uncontrolled growth (Scadden,
2006). It is notoriously difficult to recreate the niches in vitro. In the adult brain a small
population of neural stem cells are retained in a sub ventricular niche (Tavazoie et al.,
2008) to provide a capacity for intrinsic repair. The adult niche provides feedback and cell
signaling which influences the activation, maintenance and differentiation of the neural
stem cells. The best way to recreate the neural differentiation niche in vitro is to use
laminin coated surfaces.

Success of bio-materials can mainly be attributed to the biological/surface interface,
and a few key molecular properties are in action at the interface. In the past biomaterial
studies have looked at the impact where the authors showed that cell attachment was
effected by surface wettability, (Mei et al., 2009) with stem cell embryoid body formation
observed upon interaction with surfaces of mid-ranging wettability. Others have shown a
relationship between the calculated partition coefficients of amino acid functionalised
surfaces (logP of un-tethered group) and cell spreading (Rawsterne et al., 2007). In
addition surface chemical and nano-structure characteristics influence protein layer
composition and activity of adsorbed proteins. Functional groups presented at the surface
therefore play a key indirect role in the control of cell responses, mediated through

proteins deposited on the substrate surface.
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Neural culture protocols commonly make use of laminin-coated surfaces to mimic
the laminin-rich niche (Drago et al., 1991, Perrier et al., 2004, Kriks et al., 2011b). The
extracellular matrix protein promotes adhesion and axonal extension, enhancing cell
attachment initially through its positive charge followed by selective integrin binding
(Letourneau et al., 1994). Typically laminin is used in complex differentiation protocols of
stem/progenitor cells requiring cocktails of factors to direct cells towards a particular
lineage. These mixtures of biological signaling factors are designed to mimic the biological
niche environment, with researchers looking at the relationship between different cell
types in co-culture to further understand cell-cell signaling control of specific biological
processes (Sgrensen et al., 2007). We have recently shown that co-culture of neurons
with supporting radial glia has been advantageous for the attachment and alignment of
neurons (Roach et al., 2012).

The reason for the success of laminin and other ECM coated surfaces in stem cell
protocols such as matrigel was because of adhesion molecules including integrins on the
cell surface. Laminin contains various specific ligands which allow adhesion of specific
integrins on various cell types. A biomaterial’s relationship with adsorbed proteins is the
key lever on the cell response. The protein conditioning process of biomaterials was
described in detail in Roach (Roach et al., 2007) and Volger (Vogler, 2012). Once proteins
adsorb structural changes can occur exposing previously unavailable domains on the
protein (Roach et al., 2005), presenting binding sequences for anchoring molecules
including integrins which are triggered by extra cellular matrix proteins (Hynes, 1992), the
peptide sequences which cause astrocyte/glia adhesion are in (Kam et al., 2002). NCAM
(Rutishauser et al., 1988) is a specific adhesion molecule for neural cell types where the
binding is homophillic between molecules, the sequences which cause binding were

elucidated in (Rao et al., 1992).
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By using surface engineering techniques production of cell therapies to treat
neurodegenerative disease can become defined. The aim of making the inputs more
defined has been to make the process of manufacturing stem cell therapies more stable
(Couture, 2011). Early on the importance of the surface to the culture of pluripotent stem
cells, where Matrigel has been a popular surface coating, because of the mixture
physiochemical cues provided (Ludwig et al., 2006). Complexity represents a huge
problem because perturbations which can disturb the system can set in form any number
of places, so it would be more favorable to make culture systems which require fewer
interventions harnessing the ingrained ability of stem cells to proliferate, organize and
differentiate. So there have been reports where the authors to simplify the culture by
using only laminin (Rodin et al., 2010), or using synthetic substrates (Melkoumian et al.,
2010). However in these two publications the surfaces have been simplified, but the
culture media and culture technique remain highly complex. The problem is that the
surfaces have not been designed to control cell behavior (and therefore control the
ingrained abilities of the cells), but to compare favorably to pre-existing materials. These
are valuable findings because a better surface will be far cheaper than optimized culture
conditions which are requiring ever equipment spiraling in cost, and lack flexibility to
incorporate into pre-existing workflows. Materials can be engineered to be incorporated
into pre-existing processes, or inspire creative new processes which were previously not
possible. An important part of the design process was to select behaviors of cell which
would be good to control with materials. To add to that the behaviors have to be things
which can be controlled by a surface, because it is probably ineffective to try and trigger
biological pathways where there are many steps. This is because the cue from the surface

can be impeded by various other things.
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In the experiments neurospheres were used because they provide the proliferative
niche for neural stem cells and progenitors in vitro. Neurospheres are 3D spheroids which
expand with the addition of BFGF or EGF to culture media, and the deprivation of serum
proteins (Reynolds and Weiss, 1992). The structure of neurospheres has been
characterised in (Lia S. Campos et al., 2004), thus demonstrating the neurosphere has the
properties of a micro-environment as opposed to clusters and aggregates. Neural stem
cells grow at the edge of the structure where there was a high frequency of MAP-kinase
signaling which is typically related to the B1 integrin, glia progenitors are found at the
outer core of the structure, neural progenitors and found at the core of the structure.
Another important point was that the niche environment is rich in laminin which activates
the B1 integrin. Surface induction of stem cell differentiation is nearly perfect to look at
with neurons, because in the differentiation process the 3D neurosphere flattens in to a
2D monolayer. The colonization of neurospheres on laminin coated surfaces has
previously been characterised in (Jacques et al., 1998) When a neurosphere comes into
contact with a surface the first indicator of maturation was that the first neurons migrate
out in a process called chain migration. Which was stimulated by integrin a1f1 and a6B1,
where the epitope can be found on laminin. Indeed long term culture of neurons has
been achieved using laminin coated surfaces in (Ray et al., 1993), where hippocampal
neurons have been cultured for 24 passages.

In the present study neural stem cells and progenitors, in the form of neurospheres,
were seeded on surfaces having defined terminal chemical functionality. Self-assembled
monolayers (SAMs) provide a versatile platform to present defined chemical
functionalities at surfaces (Bain and Whitesides, 1988) and are used widely in the study of
biological interactions at solid interfaces. The purpose of the study was to provide first

principles in to the design of a new generation of biomaterials or pre-existing ones where
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the simple characteristics can easily be stacked to produce better biomaterials purposely
design for the job. In cruder high throughput (Mei et al., 2009) the mechanisms which can
be used to rationally design better materials are lost, however in the newer Pareto
efficiency lead computionational design models which are beginning to come online for
drug design (Besnard et al., 2012). What these approaches provide which others neglect
is the fact that trade-offs have to be made for more fit-for-purpose biomaterials, and
Pareto efficiency computionational design models take into account these trade-offs. A
key area of biomaterial research which needs to be developed is to find where the trade-
offs occur. Currently these new approaches cannot be effectively be incorporated into
stem cell research because we have been failing to do fair comparisons where individual
effects can be ascertained. A classic example is in (Caldwell et al., 2001) where different
morphogens and growth factors were compared for maintained and differentiation of
neurospheres. The problem was that although the inputs and outputs were clear which
was a strength of the experiment, however there is a poor assumption. There is an
assumption that the different proteins which are used in the experiment all behave the
same way in cell culture, and that is not the case because diversity of properties inherent
to proteins.

Previous studies have demonstrated that silanes can be used to tailor chemical
functionalities on a surface and control interactions with biomolecules (Roach et al., 2005
& Arima, Iwata, 2007). Adhesion and guided spreading of neurons has been
demonstrated, using hydrophobic fluorinated surfaces to hinder axonal interaction along
with amine-rich poly(lysine) providing adhesive tracks(Kwiat et al., 2012). Similarly simple
amine containing silanes have been used to direct neural cells, using poly(ethylene glycol)

(PEG) as a hydrophilic attachment inhibitor.(Sweetman et al., 2011).
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The studies where the authors have been using silanes have a big advantage over
other biomaterial work, because focus is placed on the key mechanisms controlling cell
response rather over emphasising cell culture technique (Dubiel et al., 2011). Scaffolds
are frequently made out of generic polymers such as poly(lactic-co-glycolic acid) (PLGA)
(Kanczler et al., 2009), but PLGA as molecule has clear characteristics in terms of
wettability (Paragkumar N et al., 2006) and charge (Astete and Sabliov, 2006). Molecular
properties such as charge and wettability will have a real effect on protein adsorption
(Sigal et al., 1998) which is the key process in biomaterial conditioning (Roach et al.,
2007), and hence the principle area where a biomaterial can control cell response. Over-
looking the mechanisms means that the cell response tends to be characterised at the
end, rather than engineering the control in the biomaterial as a starting point for
biomaterial design. A work-around has been to pre-adsorbed proteins on the surface or
conjugating proteins on to the surface. The rational is good, because if a specific protein is
congugated to the biomaterial will elicit a specific response (Ratner and Bryant, 2004).
Ranging from morphogens to cause stem cell differentiation (Wylie et al., 2011) to extra
cellular matrix for enhanced cell adhesion (Koh et al., 2008). However evidence from
nanoparticles shows problems with this type of strategy. In a physiologically relevant cell
culture conditions (which contains serum which contains over 3000 proteins (Anderson
and Anderson, 2002) rapidly forms a protein layer termed the ‘corona’‘. The corona multi-
layer forms rapidly (in about half a minute) containing over 300 proteins (Tenzer et al.,
2013). It has been shown that functionaling a nanoparticle surface with conjugated with
proteins can be rendered irrelevant by the protein corrona (Salvati et al., 2013). A
principle strength of the experiments in Curran and Hunt was the experiments were
designed as striped back mechanistic biomaterial studies. The behaviour of mesemchymal

stem cells was characterised on surfaces presenting different headgroups and the
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biomaterial interface. So there was just one factor being studied, and the authors showed
that the simple surfaces could control the stem cells behaviour. As the study was put
together in a methodical way the under-pinning mechanism could be unpicked. In (Roach
et al., 2005) the authors shown that the kinetics of protein adsorption could be controlled
with a biomaterial property as simple as the headgroup. This type of study is going to be
important in the translation of future biomaterials, because of the high regulatory hurdles
(Prestwich et al., 2012). Ultimately that could be an insumountable hurdle for protein
conjugated biomaterials, because there are numerous overlapping roles for proteins were
relevant assay could be impossible to develop.

A key direction of our work is to improve the control of neural cell responses by
presenting a well-defined micro-environment. The aim of the study was to assess the
response of ventral mesencephalon (VM) stem/progenitor cells cultured as neurospheres
(spheroids of proliferating cells) on a wide range of defined surface functionalities. We
report that surface chemical functionality can be used to direct fractional populations of
neurons vs. glia derived from VM neural stem/progenitor cells. Defined SAMs were
prepared to present amine (NH,), hydroxyl (OH), carboxyl (COOH), alkane (CHs), phenyl
(Ph) and thiol (SH) functional groups. Neurospheres varied in their response to specific
chemical functionalities, in their ability to attach to and populate the surface;
differentiation and migration of neurons and astrocytes, and neurite elongation, was
either promoted or retarded in comparison to control laminin-treated surfaces. We show
that the presentation of surface chemical cues provides a route to improve the
robustness of neural culture methods, controlling multiple cellular responses commonly

attributed to cell-surface interactions.
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3.2 Results

Well defined surfaces presenting a range of terminal functional groups were
produced via self-assembly of silanes on glass coverslips. Primary rat neural tissue was
dissected from E12 VM tissue and manipulated to form a single cell suspension, and
further cultured to produce neurospheres after 7 days. Neurospheres were then directly
seeded onto chemically defined substrates and cultured for a further 3, 5 and 7 days, with
paraformaldehyde fixation and staining carried out at each time point. Poly(D-lysine)
(PDL)-laminin was used in the study as a reference to the current ‘gold-standard’ surface
used to support neural cultures in vitro. All surfaces were fully characterised by
attenuated total reflection Fourier transform infrared spectroscopy (ATR FT-IR), x-ray
photoelectron spectroscopy (XPS) and drop shape analysis (DSA) to confirm the presence
of the SAM modification (Figure 3.1).

The XPS data in Figure 3.1 show that the relevent peaks for silanes were present.
The XPS peaks show the states of the surface functional groups. Carbon, nitrogen and
oxygen were chosen because all six of the chemical surface treatments contained carbon,
and amine plus hydroxyl groups were chosen to be more specific to the amine, hydroxyl
and carboxcylic acid surfaces. On hydroxyl functionalised surface strong carbon and
oxygen peaks were present with a weak amine peak. Amine peaks were clearest on the
amine and carboxylic acid surfaces. A strong carbon signal was found on the methyl,
phenyl, carboxylic acid, and amine surfaces. carboxylic acid, and amine silane
functionalities had akyl chains, and in contrast the carbon peaks would have come from
the functionalities on the methyl and phenyl functionalised surfaces. The clearest oxygen
peaks were on the carboxcylic acid and hydroxl functionalised surfaces. The laminin
coated surface had strong peaks for carbon, hydrogen and nitrogen which are all common

in protein.
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Figure 3.1 —XPS data from the silane functionized surfaces and the PdL laminin gold standard surface.

3.2.1 Qualitative Observations

PDL Laminin coated glass microscope cover slides provided a gold standard to which
the functional silane head groups were compared to, because it is well established for

neural cell culture (Drago et al., 1991). The behavior of neurospheres on the laminin
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coated surfaces was clear with a flattening of neurospheres, spread out population of
neurons, and clear axonal processes. All these qualitative descriptions show
differentiation of neural stem cells and progenitors with representative images in

Figure 3.2.

Methyl Carboxylic Acid Hydroxyl

Phenyl Thiol

Figure 3.2 — Confocal images taken on silane functionalised surface of rat e12 VM neurospheres after 3 days
of cell culture. The blue is DAPI which stains the cell nucleus. Green is tujl which is a neural specific marker,
and red is GFAP which is a glia cell marker. White scale bar represents 50 um.

The surfaces which were functionalised with amine head groups caused a similar cell
response from the neurospheres as with the laminin coated surfaces. The similarities
were with the long axons and rapid flattening and mixing of neurons and glia on the
monolayer. On both the laminin and amine surfaces there was plenty of cell migration of
both neurons and glia over a range of distances. Similarly the axonal processes were
longest on the amine and laminin surfaces with wide trunks, and fine processes which
were indicative of the neurons searching out new processes. On the CH, SH and Ph
surfaces the cells were minimizing their exposure to the hydrophobic surface interfaces

by remaining in the neurosphere. The hydrophobic interface with the reduction in
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polarity will have affected the composition of the serum proteins which adsorbed on to
the surface. There was some spreading with some short colonizing processes coming out
from the neurosphere. Along with the similarity the PDL laminin coated surfaces with the
amine functionalised surface was an interesting range of behaviors on the hydroxyl
terminated surface. As the pictures show (Figure 3.2) the neurons remained in the
neurosphere with the glia migrating out. To provide stronger evidence of the observation
was provided by single photon confocal microscopy to provide accurate depth profiling of
the three dimensional structure. What the confocal microscopy showed was that
depending on the depth the composition of cells changed. At the lowest depth near the
surface glia dominated, and within the spheroid the neurons dominated. Showing the
potential of a new way to separate the two populations producing more effective cell
therapies. On the amine and laminin surfaces the confocal microscopy did not show
anything particularly interesting, because different neural populations were mixed with
deconstruction of the neurospheres. On the Ph, CH and SH surfaces the smaller three
dimensional spheroids were fairly intact. There was some evidence of structuring within
the spheroids with neurons found in the core of the sphere, and glia found at the

periphery to the core (Lia S. Campos et al., 2004).
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3.2.2 Neurosphere Spreading

Neurosphere response to surface chemistry was investigated by fluorescence
microscopy using markers to identify glial and neural cell populations. The neurospheres
were observed to initially attach to all surfaces after 1-2 hours, with those cultured above
more hydrophobic surfaces generally taking longer to attach (data not presented). A two
way ANOVA in Figure 3.3 showed a significant difference between the population means
of all surfaces tested at all time-points (surface variable — P value 0; time variable — P
value 0), highlighting the impact of surface chemistry on neurosphere-surface interaction.
Temporal effects were also observed. A Tukey’s post-hoc test was performed to identify
significant differences between test populations. Some differences were observed

between repeat samples, with these increasing in significance with increasing culture

time.
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Figure 3.3 - Neurosphere spreading capacity on different surface chemistries; a) fluorescence microscope
image of neurosphere on an hydroxyl functionalised surface at day 3 depicting area boundary as white line

(green — B3-tubulin, red — GFAP, blue- DAPI nuclear stain); plots show area measurements after b) 3 days, c)
5 days and d) 7 days culture. * p < 0.05, **x
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When neural stem cells and progenitors are cultured as three dimensional
neurospheres a clear indicator of differentiation is the independent adhesion and
migration of cells out of the spheres which causes flattening. The first stage of the
differentiation of the neurosphere is the attachment of neurospheres to a surface with
high affinity. PdL laminin surfaces are popular, because laminin proteins have plenty of
adhesion ligands specific for neurons. The neurosphere tends to deconstruct and
differentiate with first a migration of the glia away from the sphere, which simultaneously
provides a the foundation layer for neurons to migrate away on (Edmondson and Hatten,
1987), and release of trophic factor for maintance of neurons. Alternately the neurons
can make short range migrations out of the spheres independently of the glia in a process
called chain migration (Jacques et al.,, 1998). The key mechanism to control the
maintenance of neurospheres and the switch to differentiated monolayers are changes in
the integrin adhesion molecules (Lia S. Campos et al.,, 2004). The spreading of
neurospheres is a relevant measurement to the differentiation of neural stem cells.
Another advantage of these experiments was to factor in the response of the cells
measured over multiple time points. The ideal in vitro measurement would inform on
how the implant might perform in vivo. In ideal circumstances where the implantation
site can be kept free of large inflammatory responses, biological condition would be
followed by stem cell recruitment and remodelling of the implantation site.

The neurosphere spreading was assessed by imaging the surfaces at three time
points which were 3, 5 and 7 days. 3 days was selected because it was the shortest time
point where the samples were robust enough for cell fixation and antibody staining. The
three day time point informs on the biological/material interface. Whilst the seven day
timepoint was selected to inform on biological remodelling of the environment. Also

seven days was selected as the longest time point, because exceeding the time point
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would mean that passaging the cells would be necessary which is extremely challenging
with differentiated neurons. Once the sample were fixed and stained the xy scanning
images were taken on a Nikon epi-fluorescent microscope with a 20X objective lens which
is a 200X magnification. The resultant images were taken into Imagej, and the spread
areas were measured with the freehand area tool.

In general, populations migrating away from the neurosphere edges were found to
stain positive for both glial and neural cells rather than stay in a naive undifferentiated
state. Glial cells were observed to migrate further from the neurosphere boundary
providing a bed on which neurons attached (Figure 3.2). The glia bed is most pronounced
on the hydroxyl surface, highlighted in confocal microscopy with pure glia populations
found at the surface interface. Migration of cells was quantified in terms of neurosphere
spreading. The presentation of the neurospheres depended greatly upon interaction with
differing surface chemical groups, with the proportion of each cell being found to differ in
their distribution across the range of surfaces tested (Figure 3.3).

After 3 days in culture there was low variation in neurosphere spreading
(Figure 3.4) and degree of cell migration from the parent neurospheres on individual
surfaces (i.e. deviation amongst sample repeats was low (Figure 3.3). The results show
that the interaction between cells and surfaces was comparable on each of the chemical
surfaces tested. However distinct spreading patterns of neurons and glia from the
spheres were observed, being dependent upon the surface functionality, Figure 3.3.
Amine terminated surfaces gave rise to the largest spreading neurospheres (0.61 + 0.05
mm?) being larger than those on PDL-laminin surfaces (0.39 + 0.03 mm?). All other
surfaces were relatively similar to each other, with lowest spreading capacity presented

by hydroxyl SAMs (0.14 + 0.02 mm?). Differences observed in neurosphere spreading
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across the range of surfaces tested did not appear to follow a direct trend with respect to

surface wettability.

Blue - DAPI
Red - GFAP
Green - B-iii Tubulin

Figure 3.4 - Images of neurospheres attached to a range of defined surface chemistries using fluorescence
microscopy (scale bar is 100 um). Cells shown after 3 days in culture.

A marked increase in neurosphere spreading was observed on PDL-laminin after
5 days in culture (1.14 £ 0.16 mm?) and hydroxyl (0.30 + 0.03 mm?) coated surfaces on
day 5 compared with day 3, and other surfaces were showing either slight or no increase
in neurosphere spreading area (Figure 3.5). The largest neurosphere spread areas after
five days in serum rich media were on the PdL Laminin surfaces which increased from
about 0.4 to over 1mm?. The amine surface had also caused a significant increase in the
spreading of neurospheres. The lowest spread area was on the methyl functionalised

surface which had changed little from the previous timepoint.
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CH

Laminin

CO,H

3

Blue - DAPI
Red - GFAP
Green - B-iii Tubulin

Figure 3.5 - Images of neurospheres attached to a range of defined surface chemistries using fluorescence
microscopy (scale bar is 100 um). Cells shown after 5 days in culture.

The final time point used to meause the attachment and spreading of
neurospheres was at seven days (Figure 3.6). The most spreading was seen on the PdL
laminin and amine surfaces, and suprisingly the COOH functionalised surface was only a
little short of the PdL laminin and amine surfaces. the neurosphere spread area tripled on
the COOH surfaces which was the largest increase of spread area across the experiment.
Increases of neurosphere spreading was achived on all the other test surfaces, except for
the thiolated surfaces where spreading did not increase from five to seven days. There
were increases of neurosphere spreading on the OH, Ph and CH surfaces. The area

doubled on the Ph, OH and CH functionalised surfaces.
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CH OH Laminin

3

Phenyl

Blue - DAPI
Red - GFAP
Green - B-iii Tubulin

Figure 3.6 - Images of neurospheres attached to a range of defined surface chemistries using fluorescence
microscopy (scale bar is 100 um). Cells shown after 7 days in culture.

A significant increase in neurosphere spreading, demonstrated by two way ANOVA,
was observed on almost all surfaces, compared with spread at day 3 (Figure 3.3).
Neurospheres cultured on thiolated surfaces were the exception, showing no increase in
spreading from 5 to 7 days and no significant spreading over the whole culture period. No
apparent direct trend was observed relating neurosphere area to surface wettability

according to the Pearson’s R values (3 day = 0.256, 5 day = -0.365, 7 day = 0.187).

3.2.3 Neuron Density

The amount of neurons supported in culture is of primary importance for the delivery
of successful cellular therapies to regenerate nervous tissue. Cells across the neurosphere
area were counted as a means of quantifying the capacity of neural progenitors to be
steered towards neural lineage as presented in Figure 3.7.

A key element to translating the cell culture techniques into large scale process is
to keep costs down, so increasing the density of transplant relevant populations is
important. New ways have to be found where defined surfaces increase cell numbers,
because a defined culture surface would be cheaper and more controllable than the
alternatives such as specialist cell culture media, and environmental culture conditions

such as hypoxia. At the early 3 day time point the neural density measurement informs on
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neural differentiation because a high density means that neurons are retained within the
neurosphere. A low neural density at the three day time point is a strong indicator of
differentiation. At the five and seven day time point the measurement is more relevant to
proliferation, because Gage’s team observed that it takes 4 days for hippocampal neurons
to divide (Ray et al., 1993). So if neural density remains similar and the spread area is
increasing, neurons are dividing to compensate for the expansion. A low cell density
means a preference of cells towards autocrine signalling, whereas high cell densities will
favour paracrine cell signalling (Lindholm et al., 1996). Neural density therefore provides
a simple measurement of profound consequences.

Results were taken after days 3-7 time points with neurospheres becoming flattened
enough, for reliable measurements, i.e., no cells were obscured by the depth of the
neurosphere mass (Figure 3.7a). Quantification of neuron numbers were normalized to

surface area on which they resided due to differences in initial neurosphere size and cell

numbers.
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Figure 3.7 - Neural cells derived from neurospheres; a) fluorescence microscope image of neurosphere on
an amine functionalised surface at day 5 indicating a selected number of neurons by white arrows (green —
B3-tubulin, red — GFAP, blue- DAPI nuclear stain); plots show measurements of neuron densities as a
function of surface area, after b) 3 days, c) 5 days and d) 7 days culture. * p £ 0.05, ** p 0.05, *** p < 0.005 .
Surface functionalities are ordered in decreasing wettability, left to right.
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Normalised neural cell densities were measured by counting the Tujl positive cells
present in the neurosphere spread area. The neuron number was then divided by the
area, so normalised comparisons could be made the surfaces. The measurement informs
on the surface’s impact on the numbers of transplant relevent cells, because it is optimal
to have more neurons. Large images were taken from the samples, neurons were counted
in the neursphere spread area (staining positive for Tujl). It was important to normalize
because bigger neurospheres have more cells which would ruin the measure. The
measurements were made in Imagej using the free hand area tool and the cell counter

plugin, a ratio was made from these values in Originlab 9.

Two way ANOVA analysis conducted over the 3 repeat samples for the 3 repeat
tissue collections (i.e. 9 samples overall) indicated significant differences between
population means of all surfaces (P value 4.24317 X 10°), and at all time-points tested
(P value 0.00673). The interaction between the two factors was not significant. A Tukey’s
post-hoc test was also performed to assess individual differences between test
populations showing significantly higher density only on phenyl surfaces.

Neuron densities were found to be generally similar on individual surfaces tested at
day 3 (Figure 3.8) with some variance being observed across cell densities counted on
hydroxyl and thiol terminated surfaces. This demonstrated overall reproducibility with the
experiments. Most surfaces after 3 days in culture presented a similar neuron density,
with a significantly higher neuron density only being apparent on phenyl surfaces,
(Figure 3.7b). Cell densities were found to be ~500 neurons/ mm?, with a highly
significant difference observed between PDL laminin (~160 + 10 mm™) and phenyl

(~960 + 330 mm?).
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OH

CO:H NH PDL Lam

DAPI

SH PH CH

Figure 3.8 - Three day neural density on the seven surfaces taken as tiled images to provide a greater field
of view to judge the response of many neurons. The two channels are FITC and DAPI taken at 20X zoom,
and the white scale bars show 600um.

By day 5 little difference was found between replicates on each surface (Figure 3.9).
Significant differences were found (at a level P < 0.05) comparing surfaces to phenyl, with
the exception between phenyl and alkane surfaces, which were not significantly different.
Which suggests a good correlation between surface wettability and density of neurons.
The highest values for neural density were on the phenyl and methyl surfaces, suggesting
maintenance of stem cell and progenitor niche (neurosphere). Decreases can be seen on
the other surfaces which points towards maturation of the cells, and being in more

advanced stages of the neural colonization of biomaterial surfaces.
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CO:H PDL Lam

DAPI

SH PH CH

Figure 3.9 - Five day neural density on the seven surfaces taken as tiled images to provide a greater field of
view to judge the response of many neurons. The two channels are FITC and DAPI taken at 20X zoom, and
the white scale bars show 600um.

Less change between the surfaces was observed for neuron densities measured at
7 days (Figure 3.10), with significant differences only being observed when comparing
measurements made on carboxyl and amine surfaces to surfaces presenting thiol
termination, (Figure 3.7d). Importantly, neuron densities were found not to decrease

significantly over time, even though neurosphere areas increased. The only surface on

which a decrease in cell density was observed was that with phenyl terminal chemistry.

CO:H PDL Lam

DAPI

SH PH CH

Figure 3.10 - Seven day neural density on the seven surfaces taken as tiled images to provide a greater feild
of veiw to judge the response of many neurons. The two channels are FITC and DAPI taken at 20X zoom,
and the white scale bars show 600um.
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3.2.4 Neuronal vs Glial Cell Populations

Although the regeneration of electrically functional neural tissue requires high
numbers of neurons, supporting glial cells are often found to dominate cultures due to
their proliferation. Normalization of neural densities to account for total cell numbers
afforded from neurospheres (neurons and glia) serve as a better indicator for differences
in cell-surface responses.

Controlling cell fate is a key aim in regenerative medicine, which is notoriously
difficult. Indeed a critical quality attribute for a cell therapy is the purity of transplant
populations (Rayment and Williams, 2010), so increasing the proportion of neurons is the
key challenge in translating basic stem cell science into cell therapies. Normally the glia
cells will dominate the cell culture, which is not ideal because neurons tend to be affected
in the pathology of neurodegenerative diseases. Cell therapies for Parkinson’s disease
have been used in trials in (Politis et al., 2011) one adverse side effect was an increase in
uncontrolled movements (dyskinesia) in recipients due to serotinergic contamination of
the transplant populations. The long term source of dopaminergic neurons to treat
Parkinson’s disease will be derived from pluripotent stem cells which bring new and
unique risks such as terratoma (Fricker-Gates and Gates, 2010). So increasing the
proportion of neurons is important because it is the transplant relevant population. This is
particularly true in neural cell cultures where supporting glia and astrocytic fractions tend
to dominate cultures with the neurons which are of interest for Parkinson’s, Alzheimer's
and stroke therapies in the minority. Asymmetric cell fates after division of neuron and
glia progeny is a probable explanation, and the fate is controlled by the transcription
factor called neurogenin2 (Miyata et al., 2004). The effect of surfaces on this part of cell

culture is unclear, so any advantage gain with surfaces would be beneficial.
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Understanding the relation of neural cell division and time is important, so surfaces can

be designed and optimised to control cell fates in stem cells.
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Figure 3.11 - Ratio of neurons/ glial cells derived from neurospheres; a) fluorescence microscope image of
neurosphere on an amine functionalised surface at day 5 indicating a selected number of neurons by white
arrows and glia with red arrows (green — B-lll tubulin, red — GFAP, blue- DAPI nuclear stain); plots show
measurements of neuron densities as a function of surface area, after b) 3 days, c) 5 days and d) 7 days
culture. * p £ 0.05, ** p <0.0, ***x p < 0.001. Surface functionalities are ordered in decreasing wettability,
left to right.

Normalised neural cell densities were divided by normalized glia cell densities
which provided the basis of neuron to glia ratio. The measurement informs on the
surface’s impact on cell fate, so if the proportion of one lineage fate can be promoted
over another. Neuron to glia ratio provides a better indicator for differences in cell-
surface responses. From all the large images taken from the samples, mixture of neuron
and glial cells were observed on the surfaces tested (staining positive for B-iii tubulin and
GFAP respectively). The measurements were made in imagej using the free hand area tool
and the cell counter plugin, a ratio was made from these values in Originlab 9.

On all surfaces tested a mixture of neuron and glial cells were observed (staining

positive for Bs-tubulin and glial fibrillary acidic protein (GFAP) respectively), shown in
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Figure 3.11a. Two-way ANOVA analysis showed significant differences between
population means of all surfaces tested at all-time points (p < 0.05).

Ratios at day 3 indicated higher amounts of glia present on all surfaces, with
neuron/glia ratios ranging from ~0.36-0.52. Lower proportions of neurons were observed
on hydroxyl and PDL-laminin coated substrates compared to all others tested
(Figure 3.12). A significant difference was observed between all samples compared to the

alkane CHs terminated surface, (Figure 3.11b) and cell populations presented on phenyl

and hydroxyl surfaces showing the highest level of difference.

CO:H NH OH PDL Lam

GFAP
Tujl
DAPI

SH PH CH

Figure 3 12 - Neural and glia densities at three days on all seven surfaces. Top row has the Tujl (green) and
DAPI (blue) channels. For comparison the row underneath has glia (red) and DAPI (blue) from the same
area. Scale bar is a 600 um.

However, over longer culture periods this variation was found to reduce with
population ratios becoming relatively uniform on repeat samples of individual surfaces.
At day 5 similar ratios were observed, with fewer differences found from surface to

surface (Figure 3.12). Both hydroxyl and PDL-laminin presented population ratios much
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closer to other surfaces at ~0.52. Only neuron/ glia ratios presented on thiol and phenyl
surfaces was significantly different at a level of p <0.05, with highest neuron populations
being observed on phenyl surfaces. At this time point the highest neural to glia ratio is on
the phenyl at roughly 0.6 neurons to every glia, and that is an increase in the ratio of
neurons from the first measurements. The ratio of neurons to glia were lowest on the
thiol functionalised surfaces with below 0.45 neurons to each glia. As cell culture had
continued the ratio of neurons to glia declined, because at the three day time point
thiolated surfaces had one of the highest ratios of neurons to glia.

Further culture to 7 days showed an increased difference between cell ratios
(Figure 3.13). A reduction in neuron fraction on amine surfaces was observed down to a
ratio of ~0.38, being significantly different to thiol (p < 0.01) and PDL-laminin (p < 0.001).
The two later samples showed the highest ratio of neurons to glia at ~0.6. On the thiol
functionalised surfaces which had the lowest ratio of neurons to glia at the five day time
point increased by the final time points to have one of the highest ratios at the final time
point. The PDL laminin surface and the thiol functionalised surface had the highest ratio
of neurons to glia. Both around the 0.6 neurons to each glia, so there was an increase on
the gold standard surface too. On the phenyl surface which had the highest ratio at the
previous time point had a slight decline to 0.5 neurons to each glia. At the previous time
point that would have been regression to the mean, but at the final time point there was
no mean between the surfaces because the values diverged so much. The lowest ratio of
neurons to glia was on the amine functionalised surfaces were the amine functionalised
surfaces with the ratio around 0.38 neurons per glia. All the measurements apart from
the neuron ratio the amine functionalised surface stacked up favorably to the PDL laminin

gold standard surface.
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CO:H NH OH PDL Lam
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Figure 3.13 - Neural and glia densities at seven days on all seven surfaces. Top row has the Tujl (green) and
DAPI (blue) channels. For comparison the row underneath has glia (red) and DAPI (blue) from the same
area. Scale bar is a 600 um.

3.2.5 Axon Length

Regeneration of nerve tissue relies heavily on the ability of neural projections to
effectively communicate to neighbouring cells, so that electrical conduction across large
sections of tissue can be established. Axon lengthening caused by the material is a key
indicator of this in vitro. One of the biggest promises of neuro-regenerative biomaterial is
to grow and guide neurons to specific injured areas, re-wiring compromised neural
circuits. Biomaterials are ideal for this is because of a phenomena called ‘contact
guidance’ coined by (Weiss, 1934) neurons follow features on a biomaterial surface. This
feature has been exploited successfully with nanofiber surfaces with neurons being
aligned by the surface (F. Yang et al., 2005). The key challenge is to find simple ways or
principles to control the lengthening of neurons which will provide the basis of rewiring

neural circuitry in effective stem cell therapies.
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The measurement was made by counting the length of individual axonal processes
because extension is the next phase of neural colonization of a biomaterial surface.
Axonal processes which B-iii-tubulin positive were measured with the free hand line tool
in NIS elements (Nikon UK). The values for axon process length were collated, analyzed
and graphed in Originlab 9.

Axons were measured for ~300 neurons per surface, taking only those cells where
tujl clearly defined the entire neurite length. From each surface a distribution of lengths
was obtained as would be expected due to differing time of individual cell-surface
interaction. These are presented as histograms allowing direct comparison between

surfaces at varying time points (Figure 3.14).
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Figure 3.14 - Axon length distributions measured on surfaces presenting differing surface chemistries;
fluorescence microscope image showing a representative neuron on an amine functionalised surface at day
7 (green — B3-tubulin, red — GFAP, blue- DAPI nuclear stain); plots show.

After 3 days in culture axonal length distributions were found to be highest on
PDL-laminin surfaces, with the smallest population distribution obtained on alkane

terminated surfaces. Alkane surfaces also produced the shortest axons by mean average,
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with approximately 110 of the axons measuring over 500 um. The longest axons at day 3
were found to be ~750 um, with both PDL-laminin and amine functionalised SAMs being
comparable.

The distribution in axonal length was not found to significantly increase by day 5,
with similar trends observed to those at day 3. The largest axons remained on the amine
and PDL-laminin surfaces with average lengths now increased to ~750 um.

By day 5 the hydroxyl surface has 425 countable lengths, which is highest at this
time-point. The phenyl and methyl surfaces both see declines in the number of countable
lengths. The thiol surface sees a rise from 291 to 330. With the carboxylic acid, phenyl,
hydroxyl and methyl the mean value for neuron lengths is in the 400-600 um range. With
the thiol surface mean value is in the 600-800 um range, also the 8.8% of the neurons fall
in the 1000-2200 um range, which is nearly as high as the amine surface.

At the seven day time-point 18.3% of the neurite lengths fall within the 1000-2200
pum which is the highest proportion outside the PLL laminin and amine surfaces
(Figure 3.15). The methyl surface had 568 which is the highest number of countable
lengths; the second highest number was on the hydroxyl surface, which produced 518
countable lengths. The mean value for neuron length lies in the 600-800 um range which
is an increase from the two prior time-points, demonstrating that time has a very
important role in the lengthening process. The largest distributions of axon length were
observed after 7 days in culture. PDL-laminin presented the broadest spectrum of axon
lengths, with amine surfaces supporting lesser-defined axons in general. Again amine and
PDL-laminin surfaces gave rise to the longest axons, being ~1000 um compared to those

on other surfaces reaching average lengths of ~650 um.
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Figure 3.15 — Representative images of axon lengths in the Tujlchannel taken at seven days on all seven
surfaces. The scale bar is a 600 pm.
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3.3 Discussion

Neural stem / progenitor cell responses have been investigated in repose to culture
over a range of selected substrates having defined surface chemical characteristics. The
ability of cells to respond to their local environment is of key importance when
considering the design of biomaterials for optimum cell culture in vitro and in vivo. By
understanding specific cell-substrate interactions, and how they might lead to specific
responses, biological surface engineers hope to be able to strongly influence cells, from
differentiation to directed morphological control. Through controlled differentiation
processes researchers are attempting to increase selected populations of cells necessary
to enhance regeneration of clinical therapies. Numerous protocols to produce dopamine
neurons have been developed aiming to treat Parkinson’s disease using varying biological
cocktail protocols to alter cell state in vitro to enrich the fraction of dopamine neurons.
These cells die during the progression of this disease and cannot regrow naturally. We
investigate the use of defined cell culture substrates to alter cell processes, with an
overall aim being to increase neural populations and therefore in the future possibly
increase interesting sub-populations. We report the responses of cells derived from E12
Sprague-Dawley rat VM, chosen to maximize the potential of forming dopaminergic

neurons (Altman and Bayer, 1981).

3.3.1 Consideration of Surface Characteristics

Although surface chemistry has been widely investigated in terms of directing cell
responses, there are no overarching correlations between the chemical property of the
surface and its impact on biological response. Functional head groups presented at the
surface are often used as a measure of change at the surface, e.g. amine vs carboxylic

acid surfaces. Although these labels allow comparison of substrates, it is acknowledged
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that they are far from appropriate for the full characterised. An amine surface, for
instance, is an umbrella term for a huge variety of amine containing units that could be
tethered to a surface with any number of linking groups, being linear or branched and
containing any number of other chemical functionalities. In general both amine and
carboxyl terminated surfaces have been used to provide a mimic of biological surfaces,
and therefore are generally known to support cell adhesion and spreading (Curran et al.,
2005).

In the present study a selection of defined self-assembled monolayers were
fabricated such that a comprehensive investigation of surface chemical parameters could
be assessed with respect to their ability to impact on neural stem cells in the form of
neurospheres. Methyl (CHs), phenyl (Ph), amino (NH,), hydroxyl (OH), carboxyl (COOH)
and thiol (SH) functionalised silanes were fabricated with a direct comparison between
PDL-laminin modified glass substrates, which is the current ‘gold standard’ onto which
neural cells adhere and spread well. Glia, however, proliferate rapidly on these substrates
therefore the enrichment of neural populations are not favored. Complex protocols
involving costly, animal derived biological cocktails are used in conjunction in attempts to
direct desired cell responses. Therefore a need has developed to understand material-cell

interactions to aid the next generation of advanced biomaterials.

3.3.2 Neural Cell-Surface Interaction

Neurospheres cultured on the range of surfaces tested showed very different
characteristics, which evolved differently over the 7 days of culture. Where PDL-laminin
surfaces are currently the accepted gold standard surface for neural cell culture, here we
demonstrate the potential to increase the capacity of neuron differentiation, along with

enhanced axonal elongation. Due to the significant differences in the cell responses
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observed, migratory and morphological characteristic control could be accomplished
using defined self-assembled monolayers. Upon interaction with surfaces, cells within
neurospheres were found to differentiate forming neurons and glia; these migrated away
from the neurosphere at different rates depending on the cell-substrate interaction
(Figure 3.2). Neurons were found to remain within the body of the sphere on methyl and
hydroxyl surfaces, whilst spreading well on all other surfaces tested. Glia cells were found
to spread well on all surfaces with initial slow migration out of the neurosphere body
before 7 days in culture. Silane surfaces have previously been studied by Yong-Juan Ren,
et al., 2009 where the authors observed cortical-derived neurosphere response to surface
functionalization.(Ren et al., 2009) The neural specific marker B-lll tubulin was expressed
at higher levels on carboxyl compared to amine surfaces indicating a degree of control

over neural stem cell differentiation.

3.3.3 Neurosphere Spreading

In vivo and in vitro the neural stem and progenitor cells reside in distinct niches (Ren
et al., 2009) (Doetsch et al., 2002) which maintain self-renewal, division and
differentiation because the niche provides a good environment for cell-to-cell signaling
and region specific signaling (Campos et al 2004). As the neural stem and precursor cells
develop into mature post-mitotic neurons their density decreases substantially to develop
adult tissues and structures (Fuentealba et al., 2012). Low neural density is therefore
considered an indicator of tissue maturation. The process is driven by the interaction of
cells with ‘adhesive’ environments, allowing differentiation and in the case of
neurosphere attachment to surfaces in vitro, driving a homeotypic short range migration

en masse out of the neurosphere body (Lois, 1996).
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In the present study the spreading capacity of neurospheres was measured as a
function of the surface area covered by cells as they migrated. Laminin coated surfaces
acted as a positive control, showing good adhesion and spreading. Generally it was
observed that phenyl surfaces hindered initial migration, Figure 3.3. Amine surfaces,
commonly suggested to be chemically similar to laminin due to the presence of many
multiple primary amine containing residues along its backbone, also showed high levels of
spreading. After 3 days in culture amine surfaces in fact showed a significantly higher
(p < 0.001) average surface area of neurosphere contact at ~0.6 mm? compared to those
on laminin surfaces, ~0.4 mm?. After 7 days of culture neurospheres on both surfaces had
increased in size to ~1 mm? with no major differences between these two surfaces. This
The indication was that the initial cell adhesion was enhanced on amine surfaces, with
prolonged culture giving rise to comparable cell spreading for amine and laminin surfaces,
Figure 3.7. For these surfaces a rapid migration of glia was observed away from the
neurosphere body, observed at day 3, with subsequent neuron migration observed at day
5. Mats of mixed cell population were formed giving higher area of cell spreading than all
other surfaces, because neurons tend to migrate on a glia bed (Edmondson and Hatten
1987).

Thiol, phenyl and carboxyl terminated surfaces showed a similar response to each
other, although cell migration occurred somewhat slower compared to amine and laminin
surfaces. Carboxyl and thiol surfaces produced cell mats to a lesser extent compared to
amine surfaces with an average surface area of ~0.25 mm? housing mixed populations of
neurons and glia. Negatively charged carboxyl surfaces showed similar trends in terms of
neuron/glia ratios, whilst the measured densities of neurons were found to decrease
significantly over time. Migration of neurons from the neurosphere body gives rise to

much larger spreading areas and therefore lower neural densities in these regions. This
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finding demonstrates the enhanced migration of neurons on the carboxyl surface
compared to amine and PDL-laminin, suggesting a weaker attachment to this surface. All
surfaces gave rise to an increase in neurosphere spreading towards 7 days except thiol
terminated surfaces. This was somewhat unexpected due to the nature of thiol to form
disulphide bridges with proteins containing cysteine residues on their periphery, and thus
form a bound protein, cell-mediating layer. It is possible that the thiolated surfaces
promoted disulphide attachment to high abundant, non-adhesive proteins, e.g. serum
albumin, thus restricting the ability of cells to attach (Kawamura et al., 2013). It is
interesting to note that although neurosphere adhesion initially occurred before 3 days in
culture, spreading of neurospheres only took hold between 5 to 7 days on all surfaces
except those terminated with amine or coated by laminin.

The data collected for neurosphere spreading shows no correlation with regard to
wettability at any of the time points analyzed. Surfaces classified either as hydrophilic or
hydrophobic present with low spreading (COOH vs CHz), as well as surfaces of mid-
ranging wettability (SH), (Table 6). Which demonstrated that chemical functionality plays
an important role, further to that denoting the surface wettability. Possibly the largest of
the umbrella terms used to define surface characteristics is wettability. This is a
generalized term that does not fully characterise the surface presented, with only a
proportion of surface-tethered molecules contributing to observed contact angles (Bain
and Whitesides, 1988). Surface charge is also often discussed with respect to cell
adhesion in terms of associated surface charge accommodating that of the cell
membrane (Liu et al., 2006). pK, values can be used as an indicative measure of chemical
charge as they represent equilibrium constants for molecular ionization. PDL-laminin

coated surfaces could not be assigned a pK, value due to the complexity of such a large
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molecule, possessing many ionisable groups within its structure, although it has an
apparent pl ~5 suggesting a net negative charge at pH 7.4.

No correlation was observed between surface chemical pK, and neurosphere surface
area for 3 and 5 days. After 7 days in culture a trend towards higher neurosphere
spreading was observed, with both high and low pK,. A clear demonstration of the
influence of pKa was that both positive and negative surface charge plays an important
role in determining cell-surface interaction. Less wettable surfaces (Ph and CHs) also
supported neurosphere spreading, with a minimum being observed for mid-ranging SH

presenting surfaces.

Table 6: Surface chemical characteristics

Functionality | WCA /°+SD AlogP pKa

-COOH 249122 -0.16 2.00

-NH, 29.2+6.6 0.42 10.71
-SH 45,6 £ 8.2 1.73 11.94
-OH 321+7.4 0.65 15.70
-Ph 64.2+2.6 2.84 43.00
-CH3 65.3+£3.5 0.78 48.00
PDL Lam 604 +7.2 N/A pl~5

All cell culture was carried out under buffered conditions at pH 7.4, meaning that all
surfaces excluding those presenting carboxyl termini were protonated. Both charged and
non-wettable surfaces are known to drive protein adsorption through different processes:
charge stabilization and hydrophobic interaction (Morgenthaler et al., 2007). Our results
highlight surface polarity and charge to be dominant factors affecting neural cell
interaction strongly suggesting that the protein layer adsorbed at the surface plays a key
role in mediating cell attachment and subsequent responses.

The spreading capability of neurospheres was directly related to the ability of
neurons and/ or glia to migrate away from the body of the neurosphere. It is therefore

very useful to look at the migration capacity of each of these populations to further
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understand biological processes occurring. Cell population densities were normalized to
surface area in order to negate any changes related to increasing amount of cells possible
to count as they migrated out of the neurosphere body. As spreading on laminin surfaces
was observed to increase with increasing culture time but neural density remained
relatively constant, it must be assumed that the number of neurons migrating out of the
neurosphere also increased over time. This suggests either:

1) longevity of the differentiation process with naive cells coming into contact with
the surface over the 7 days migrating out of the neurosphere body before differentiating
into neurons, or

2) Initial cell-surface interaction from within the body of the neurosphere initiates
differentiation and these more mature cells reorient within the neurosphere before

migrating later (Campos et al, 2004 and Jacques et al, 1998).

3.3.4 Cell Morphology

When dealing with neural cultures, the morphology of neurites is often considered as
a good measure of population characteristics; longer neurites are considered to be better
for neural connectivity due to increased ability for communication /engraftment of these
cells in culture or during transplantation. Specific peptide epitopes derived from laminin
are known to steer elongation of neurites, most notably IKVAV (Tashiro et al., 1989), with
others including KEGYKVRDLNI (Skubitz et al., 1991), YIKRKAF (Skubitz et al., 1991),
RKRLQVAQLSIRT (Richard et al., 1996) and KNRLTIELEVRT(Richard et al., 1996). Our findings
support this, with the longest neurites measured on PDL-laminin surfaces, Figure 3.14.
Amine surfaces did however also demonstrate potential to support neuron elongation,
possibly through electrostatic interaction between the surface and the membrane wall,

else through the directed adsorption of laminin from culture media.
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Initially CH3 terminated surfaces gave rise to the highest proportion of short neurites
(<500 um), suggesting low level of first interaction of neurons on this surface, which
increased with increasing culture time. This is supported by the increasing ability of
neurons to migrate over carboxyl terminated surfaces, evidenced by decreasing neural
density (Figure 3.11). Neurospheres cultured on phenyl surfaces showed a similar trend,
although no significant differences were observed between phenyl and hydroxyl
presenting surfaces. An indication was that the initial cell interaction might be steer early
neurite outgrowth, with adsorbed proteins from media/ secreted from cells during
adhesion, act to mediate later stage neurite outgrowth. On all surfaces neurites were
found to increase in length over the 7 days in culture. Others have reported similar
measures, with no definitive surface characteristic being primarily critical to late stage
neurite elongation; Liu (Liu et al., 2006) and Nakajima (Nakajima et al., 2007) showed
neural guidance and tethering of neural signaling factors using amine-rich
poly(ethylenimine) tethered surfaces. Lengthening of axons and migrational (extensional)
guidance is directed through ECM protein interaction, of being influenced by amine

functionalities.

3.3.5 Neural Population

The ability to increase the neural fraction in vitro is critical to producing better cell
transplant populations for neurodegenerative disorders. Neuron density on amine
functionalised surfaces was found to be very similar to PDL-laminin coated surfaces at
~150 neurons mm~, remaining relatively consistent within standard deviation across the
7 days in culture (Figure 3.7). This finding is particularly relevant when considering
laminin is the ‘gold standard’ for neural cultures in vitro, with a general drive towards the

3R’s tending towards non-animal derived materials.
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Initial observation at 3 days suggested that neuron migration was hindered on phenyl
surfaces, showing significantly higher neural density compared to laminin substrates
(p< 0.01, ~1000 neurons mm™). After 5 days the neural density for all surfaces had either
remained constant or reduced, indicating that for some surfaces neuron migration was
slower than the increasing neurosphere spreading rate. Neuron densities on phenyl
surfaces had reduced to ~550 neurons mm?, now presenting significantly higher values
compared to all other surfaces tested except methyl (p< 0.01). The similarity of the non-
wettable phenyl and methyl surfaces highlights the importance of surface hydrophobicity
in determining cell interactions. However, a simple trend relating neuron density was not
found with respect to either wettability nor pK, as has been shown with other cell types
(Mei et al., 2010). Suggesting a complex process, likely impacted due to mixture of cell
types in this co-culture system. Cell-surface and cell-cell communication results in an
elaborate conditioning process wherein differentiating glia and neurons mediate their
environment through the deposition of signaling proteins. Attempting to fit such a
complicated system to one variable, such as surface wettability, has been discussed in the
literature by Dubiel et al. as being impossible (Dubiel et al., 2011). The balance of
contributing factors may be difficult to fully interrogate within this study, although it is
clear that surface functionality is an effective leaver on neural density.

Our findings suggest surface chemistry has significant impact on neuron to glia ratio
(ANOVA, F (5, 20) = 3.59, p < 0.01). Culture time was also found to be a significant factor
(ANOVA F (3, 20) = 4.12, p < 0.05). On the PDL laminin control surface the fraction of
neurons was found to increase over the three time points, Figure 3.11. Amine
functionalised surfaces showed very competitive characteristics in terms of initial
responses being similar to laminin coated surfaces. Neuron to glia ratios were, however,

found to decline over the 7 days in culture, with neural density staying constant
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(Figure 3.11). This suggests that initial interaction for neural differentiation was very
positive on both surfaces, with glia starting to dominate by 7 days on amine surfaces. A
Bonferoni post-hoc statistical test reveals that the difference between the PDL-laminin
and amine functionalised surfaces are not statistically significant, highlighting the
potential of these simple, non-animal derived materials to support neural cultures, being

of major benefit in terms of the 3Rs.

3.3.6 Differentiation Potential

Materials play an important role in stem cell fate decisions.(Marklein and Burdick,
2010). A key aspect of cell fate decisions are intrinsic and extrinsic signals. Neurospheres
are tri-potent mixed cell spheroids of neural stem cells, glia and neural progenitors
(Pastrana et al., 2011), therefore a useful property of functionalised surfaces would be to
influence neural stem cell fate decisions. Neural and glia progenitors arise from neural
stem cells through a process of symmetric and asymmetric division (Noctor et al., 2004).
Through temporal modulation notch signaling means commitment can be influenced
towards glia or neuron phenotype (Grandbarbe et al., 2003). Transcription factors such as
STAT3 pathway activation has been shown to control neural stem cell differentiation
either towards neuron or glia lineage.(Yanagisawa et al., 1999). Complex association of
factors affecting gene switching, and therefore protein production, are often difficult to
control within a mixture of cells in co-culture, leading to expensive and time consuming
methods for production of transplantable cell populations (Kirouac and Zandstra, 2008).
An alternative is to influence stem cell commitment with passive forces such as
presentation of specific micro-environmental factors through material characteristics.
Surface hydrophobicity has been shown to impact on differentiation potential of
embryonic stem cells, through control of embryoid body size during culture (Valamehr

etal., 2008). Stupp et al. demonstrated the degree of biological control using laminin
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derived peptide IKVAV to steer neural stem cell differentiation towards neural lineage
(Silva et al., 2004). Presentation of this bioactive epitope is well known to control neurite
outgrowth during cell-surface interactions. Similarly Iwata et al. showed two-fold increase
in adherence, along with selective and rapid expansion of human neural progenitor cells
using surface tethered epidermal and basic fibroblast growth factors (Konagaya et al.,
2013). In a similar approach we have shown control over neural stem cells, with a number

of factors including wettability playing dominant roles in cell responses.
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3.4 Chapter Three Conclusions

e Through the presentation of different surface functional groups neural progenitor
response was controlled in terms of cell spreading, and proliferation.

e The different chemical properties at the interface affected many stages of the
neural biomaterial colonization most effected was: neurosphere spreading, neural
density and the proportion of neurons.

e In qualitative and quantitative measures, the gold-standard (PDL Laminin) was

matched and exceeded by the amine functionalised surface.
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Chapter IV

4 Rationally Bio-Designing Surface Chemistry to Control of Neural Stem Cell Fate

4.1 Introduction

A new theme with biomaterial design is to be ‘biologically inspired’. Currently the
best known achievements have been incorporation of natural structures into materials
such as super-hydrophobic surfaces (Roach et al., 2007) and super-adhesive surfaces
(Geim et al., 2003) in the macro-sense. The respective biological-inspiration comes from
lotus-leaves and gecko feet. Systematic approaches to assess surface functional groups
that mimic charged regions on proteins should be developed to further exploit natural
features with materials. Biological systems have a strict hierarchy: chemicals (DNA, RNA,
simple sugars and amino acids), macromolecules (proteins, lipids and long-chain
carbohydrates), organelles (mitochondria, cytoskeleton), cells, tissues, organisms and
populations (Castner and Ratner, 2002). Therefore it would be ideal to study the effect of
commonly occurring chemistry which occurs in nature to build a hierarchical biologically
inspired material. Natural chemistry such as those in peptides are the next obvious place
to look. because the tissue and macromolecular scale features have an effect at the single
cell level, and the lowest rung of the hierarchy means insights could easily be translated

into materials at higher rungs in the hierarchy.

4.1.1 Application of Synthetic Surfaces to Solve Problems in Stem Cell Culture

Without using bio-design principles materials have already been applied to solve
some pre-existing problems for the culture of stem cells. Originally pluripotent stem cells

were cultured on a layer of irradiated non-dividing mouse fibroblasts, termed a feeder
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layer. The feeder layer secretes cytokines including TGFB (James et al., 2005) and growth
factors such as bFGF (Levenstein et al., 2006) maintaining pluripotency. In terms of
producing a cell therapy or a reliable bank for drug testing the feeder layer method is
non-scalable because of variability, costs and preparation. The next surface innovation in
embryonic stem cell culture was matrigel, which is xenogeneic extra cellular matrix.
Pluripotent stem cell culture utilizing matrigel surfaces are robust (Xu et al., 2001),
maintaining stem cell properties for long periods. There were fears of xenogenic

contamination although clinical grade Matrigel™

is available, the principle problem is that
there is batch to batch variability, undefined formulation and it is difficult to scale
production (Meng et al., 2010). New synthetic culture surfaces have been produced to
address these problems. Villa-Diaz et al. demonstrated the use of poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)lammonium hydroxide] for support of
pluripotent stem culture maintaining relevant markers (oct4 and sox2) for 25 passages in
serum supplemented media and 10 passages in defined serum-free media. Peptide-
acrylate surfaces were developed by (Melkoumian et al., 2010) to expand pluripotent
stem cells in defined conditions adding robustness to a process with repeatability
problems. Cells were expanded presenting an undifferentiated phenotype and a stable

karyotype. Synthetic surfaces are becoming a valuable tool for culturing pluripotent stems

cells and made a notoriously difficult cell type more manageable.

4.1.2 Surface Features (Topology) (Tissue Scale)

In the bio-inspired materials paradigm the most success has been with tissue scale
features such as topography and stiffness. MSCs/multipotent stem cells have been
difficult to culture and engineered surfaces have been designed to improve the culture of

MSCs. MSCs reduce inflammation and are freely available so therapies utilizing MSCs for
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orthopaedics (Evans et al., 2013) and inflammatory diseases (Nasef et al., 2008) are close
to clinical adoption. Robustness is a positive characteristic of MSCs, however in vitro
expansion is difficult due to spontaneous differentiation and loss of potency. McMurry et
al. highlight tissue culture plastic as a problem leading to heterogeneous populations.
Their solution was to have a poly(caprolactone) (PCL) surface with nanopits (McMurray et
al., 2011). It was shown that a disorganized pattern of nanopits was more effective at
retaining stem cell potency compared to an ordered array. The majority of cells were
found to express Strol for prolonged periods on randomized surfaces. MSCs in vivo have
slow metabolism, analysis illustrates that the random nanopit surface lowers the cells
metabolism.

To design rationally, parameters which influence cell behaviour have to proven
and incorporated in to biomaterial design. A clear inspiration is nature by characterisation
of physiological and developmental processes. Incorporating physiological and
physiochemical cues that influence cell decision making into a biomaterial is labelled as
bio-inspired design (Fisher et al., 2010). It is thought that substrate stiffness can influence
cell fate (Wang et al., 1993). Evidence was presented in Engler et al. where hard
Poly(methyl methacrylate) (PMMA) hydrogels produced hard tissue phenotypes. In a
process called mechantransduction (Wang et al., 1993) where cells sense environmental
mechanics through receptors causing changes in the cytoskeleton. Cardiac muscle tissue
has been cultured on material similar to a beating heart which expands and contracts
(Song et al., 2011). Addition of electrical stimulation the cells would cause the construct
to expand and contract.

Hydrogel material is mainly composed of water, so it is ideal to encapsulate
soluble extra cellular signalling factors. Changes in stiffness can be coupled with release of

biological factors. Adjusting linking between the polymer strands in the hydrogel, changes
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pore tortuosity meaning the release of factors can be increased or slowed down (Zhang et
al., 2009). Different factors are released at different times in vitro during the
development process, hydrogels can be modified to release separate proteins at different

times (Elisseeff et al., 2001).

4.1.3 Macromolecular Chemistry Bio-Design (Molecular Scale)

In the bio-design hierarchy the next rung is the macromolecular level, so that
would include polypeptides and proteins. Good examples include materials incorporating
peptides into the surface. The problem with using extracellular matrix (ECM) proteins to
control differentiation are cost and scalability; synthetic surfaces are required to address
these challenges. One strategy is to use smaller and synthetic cell adhesive ligands such as
peptides or carbohydrates. Maheshwari et al., 2000 demonstrated enhanced migration of
NR6 cells on poly(ethylene glycol) (PEG) hydrogels with YGRGD 1000-200,000 ligands per
micrometre tethered using star shaped poly(ethylene oxide) (PEO). Similarly the cells
migrated faster with higher ligand densities. Similarly the a5B1 integrin binding ligand on
fibronectin PHSRN was immobilized in Feng et al 2004 on gold alkanethiol self-assembled
monolayers. Cell adhesion and cell spreading were enhanced on 3T3 fibroblast cells.
Surfaces have been modified with KHIFSDDSSE (NCAM ligand) for neural cell adhesion
(Kam et al., 2002). The KHIFSDDSSE ligand selectively enhanced adhesion of astrocytes in
a astrocyte/fibroblast mixed culture. RADA-IKVAV is a neural binding sequence found on
laminin controling neural differentiation (Silva et al., 2004). This sequence has been used
to differentiate PC12 cell lines on planar surfaces (Li and Chau, 2010) and murine
progenitors on three dimentional nanofibres (Silva et al., 2004). The problem with using
the IKVAV peptide sequence is the sequence has to synthesized, and that brings seperate

problems such as tricky production, purification, and surface presentation.
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4.1.4 Chemistry (Atomic Scale)

The foundation of the biologically-inspired design hierarchy is biologically relevant
chemistry. In terms of directing cell response the biological functionalization would effect
interactions with biomolecules which cells respond to. Surfaces with biological functional
groups can deliver the advantages of ECM coated and peptide surfaces without the
preparation difficulty. Curran et al., 2005 have demonstrated that a simple molecular
layer on the surface of glass can drastically change cell response.

Amine is a common chemical group present in nature in all proteins. Amine groups
on biomaterials have positive effects on cell attachment and cell proliferation (Griesser
et al., 1994), which has been known for 20 years. Amine functionalised surfaces have
been used to culture a variety of cell types including cell lines, mesenchymal stem cells,
adipose cells, endothelium and osteoblasts (Griesser et al., 1994, Curran et al., 2006,
Chieh et al., 2013). Amine-rich polymers provide the basis for smart thermo-responsive
polymers allowing cell sheet removal to create complex tissues in vitro (Cole et al., 2009).
A further advantage is that amino alky silanes are compatible with lithographic processes
for applications such as neural guidance through photolithography (Stenger et al., 1992).

The benefits of amino silanes are clear but there are stability issues (Ayala et al.,
2011). When amino silanes are exposed to water at physiological temperatures the silane
is hydrolyzed (Asenath Smith and Chen, 2008). Amine layers where produced by and
vapour phase self-assembly at room temperature. The authors found that the surfaces
became more hydrophobic after being immersed in water at 40°C for 48 hours. The layers
made in the vapour phase showed the largest change because of patchy multilayer
coverage highlighted by atomic force microscopy (AFM). Wang et al., 2005 found that the
amine functionalised monolayer on a silicon wafer was altered in 10 days when incubated

in salt water at 37°C to model physiological conditions. Water contact angle and surface
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topography we observed to alter in the 10 days along with changes in the XPS spectra. By
increasing the alkane chain length the stability of the monolayer increased. The reason
for the instability was attributed to the lack of order on the aminopropyl, when the chain
length is increased the layers become more ordered and stable. Surface energy is an
important design parameter, taking into account two material proprieties (Lamour et al.,
2009):
(1) Cohesion — the degree to which similar molecules stick to one another through
attraction
(2) Adhesion — the extent to which two dissimilar particles stick to one another
Free energy has been shown to effect lengthening of neurons.

The surface energy was modified by increasing the proportion of amine
functionalities. Water contact angle which is attributed to surface free energy is affected
by the placement of functionalities (Bain and Whitesides, 1988). By changing the depth
on an alkyl chain to which a the functional group was placed it was shown that the water
contact angle would stop being affected once the akyl chain length went beyond propyl.
This matters because the first stage of biological conditioning the material is rapidly
hydrated (Roach et al., 2008). The protein absorption which dictates the success of a
biomaterial occurs at a solid liquid interface (Mrksich, 2000) meaning conditioning does
not occur deep in a polymer network, it is limited to a functional interface.

Keselowsky 2003 et al. showed the structure of fibronectin is altered by head
group surface chemistry (Keselowsky et al., 2003). The head groups controlled cell
adhesion and spreading, hydrophilic domains exposed the a5B1 integrin binding domain.
However Prime and Whitesides showed quantitatively that polymer chain length affects
protein adsorption. When long chain polyesters are hydrolysed more fibrin and collagen

was adsorbed (Atthoff and Hilborn, 2007). Surface analysis techniques including quartz
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crystal microbalance (QCM) and XPS demonstrated that when more COOH groups
throughout the chain were exposed through enzymatic hydrolysis more proteins would
adsorb. SEM show that the collagen and fibrin organize into fibrous networks due to
charge. So in the design of new biomaterials it is important to take into account more
than just wettability because these measures only inform on surface head groups when
more properties of the molecule need to considered. Wettability can account for the
adsorption of small proteins on hydrophobic surfaces (Sigal et al., 1998).

Better tissue culture plastic (TCPS) incorporating biologically relevant chemistry
would be good because it has an instantly recognisable yet versatile format which has
been used to culture mammalian cells for decades. TCPS is polystyrene which has been
plasma treated, introducing surface charge and in some cases roughening too (Barker and
LaRocca, 1994). The brilliance of TCPS is the versatility, because polystyrene can be
moulded into any shape making it compatible for all. TCPS is transparent, so cells in TCPS
can be imaged using un-sophisticated microscopes. However TCPS was not developed
with any particular job in mind, so it never achieves optimal results and works best with
robust cell lines (Roach et al., 2010). Different cell types to the contrary have different
needs in terms of cell culture surfaces. Another problem is that from supplier to supplier
the TCPS varies (Zeiger et al., 2013) which is surprising because the manufacturing
process is so similar (Barker and LaRocca, 1994).

One solution which would not disrupt existing workflows is hydrogels coatings of
cell culture surfaces to improve the surface interface, and there are already kits available
to introduce new surface properties to TCPS (Dow-Corning). Hydrogels which have high
water content, the properties such as chemical composition and stiffness are adjustable.
Natural hydrogels like collagen and matrigel have been used, this is probably the reason

for hydrogel’s success is because of hydrogels similarity to ECM (Dalton et al., 2002).
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Synthetic hydrogels offer the most scalable solution because the properties can be
precisely tuned and can be bulk produced through self-assembly. If the hydrogel has good
bulk properties but performs badly at the interface modifications can be made. In (Cai et
al., 2012) poly(ethylene glycol diacrylate) (PEGDA) hydrogel was modified with
poly(lysine) which enhanced the culture of neurons. It should be noted that this type of
scaffold requires the use of laminin and other expensive reagents.

Chemical functionalization can be patterned for specialist applications. In an
attempt to make bone cells grow in a defined tissue architecture photolithography was
used to make patterns of N-(2-aminoethyl)-3-aminopropy-trimethoxysilane and
dimethyldichlorosilane. In a serum free system where ‘sticky’ adhesive and non-adhesive
zones, sticky vitronectin adsorbed on the N-(2-aminoethyl)-3-aminopropyl-
trimethoxysilane patterns. Cell adhesion also occurred in these areas. The amine
functionality is extremely important for the adhesion and spreading of cells compared to
other chemical surfaces (Faucheux et al., 2004). Interesting the authors look at protein
adsorption too, and bovine serum albumin (BSA) would adsorb on to all the surface and
vitronectin only adsorbed onto the NH,; surface. Fibronectin however never-adsorbed at
detectable levels, possibly indicating fibronectin has to be adsorbed for specific cell
responses. Much work has gone into designing fibres for neural cell culture because of
the promises of directed migration called ‘contact guidance’ (Weiss, 1934). Neurons are
typically require specific culture surfaces (Roach et al., 2010), and fibres which can guide
neurons tend to be polymer such as poly(lactic acid) which have wettability around 70°
(Navarro et al., 2008), and readily dissociates (meaning for the molecule to ionize). This
means it is not an ideal surface for neurons because these are not surface characteristics
tailored with neurons in mind. So functionalization provides an attractive alternative

because it is a method to improve the biological interface.
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A simpler approach to biologically functionilize is the amination of fibres as shown
in Nisbet et al., 2008. Untreated fibres caused the formation of neurospheres, because
the cells wanted to minimise the exposure to the surface. While the amine coated surface

caused the cell to adhere more directly and elongated which shows differentiation.

4.1.5 Ideal Surfaces for Stem Cells

The ideal surface for culturing neurons will have to heavily refrence the bio-design
paradigm providing the benefits of ECM without the direct use of animal or recombinant
ECM molecules to recreate the biological niches. The reason for limiting their usage is
because of financial reasons. Another difficulty is translation into animal models and
accredited manufacture for cell therapies (Daadi and Steinberg, 2009). Those types of
trials require all materials are GMP grade, and have secure supplies.

To meet the potential cell requirement of a neural cell therapy, materials that
drive neural stem cell expansion will be required. Neural stem cells (NSCs) will provide the
basis for neurodegenerative cell replacement therapies. NSCs are grown in 3D mixed
formations called neurospheres (Vescovi et al., 1993a) in the presence of bFGF or EGF.
Conti et al. developed a monolayer method through serum deprivation and using gelatin
coated plasticware (Conti et al., 2005), the methodology resulted with more nestin
positive (neural stem cell marker) cells (Konagaya et al.,, 2011). EGF tethered to
poly(styrene) is effective for proliferation of neural stem cells (Konagaya et al., 2011). The
advantage of the surface was tethered making EGF more stable. On a similar array chip to
test growth factors for neural stem cells with solution of recombinant proteins with His
residues to bond with the surface. The combination of recombinant bFGF and EGF caused

lots of neural stem cell proliferation, the two factors were potent on their own (Konagaya
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et al.,, 2011). What is interesting is EGF and bFGF are diffusible factors and this
immobilized form does not affect their activities.

Extra cellular matrix proteins provide instructive cues for cell fate decisions by
providing the cell with tissue specific spatial information. Drago et al., 1991 demonstrated
that laminin surfaces evokes the proliferation and differentiation of neural stem cells,
which is basis of gold standard tissue culture protocols of neural cells. Compared to other
ECM components including fibronectin and matrigel (mainly collagen) enhances neurite
extension, cell division, neuron number and migration (Flanagan et al., 2006). The first
advantage found was that laminin enhances the activity of EGF and FGF signalling for
proliferation which means that laminin modulates cell signalling. Corroborating evidence
can be found in Campos et al. 2004 because proliferating neurospheres are rich in
laminin. Also Flannagan found that a6 integrin is important for neural differentiation, in
reverse the B1 integrin is important for maintaining the neural stem cell niche (Lia S.
Campos et al., 2004). The REST gene and its transcription factor product are important for
laminin expression (lamal, lama2, lamb1 and lamc1) by neurons, this gene is important
to prevent the neural phenotype and premature expression (Sun et al., 2008). Once the
REST is down regulated more laminin genes are expressed. The LN-511 isoform produces
the longest dendrites (Fusaoka-Nishioka et al., 2011). The roles for laminin occur early on
in development because it is the first ECM component to be expressed and is found at the
inner cell mass stage of development (Darr et al., 2006). Surface charge is important for
the activity of laminin because denatured laminin by acid washing enhances neurite
outgrowth compared to non- denatured laminin (Freire et al., 2002). The reasoning is as
shown in Roach et al. proteins will change conformation upon adsorption surface

interface. Different extra cellular matrix proteins can steer neural lineage (Goetz et al.,
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2006a). Poly(ornethene) laminin surface enrich neural populations while gelatin coated
surfaces increase the number of glia.

Morphogens controlling differentiation in vitro interact with the extra cellular
matrix providing more roles with ECM in embryonic development. The activity of sonic
hedgehog (SHH) is closely linked to glycoprotein in extracellular matrix called vitronectin
(Pons and Marti, 2000). Also SHH interacts with glycoproteins at the cell surface other
than the patched receptor. When SHH interacts with glypican-3 at the cell surface activity
is inhibited, and causes endocytosis SHH for degradation (Capurro et al., 2008). BMP2 is a
morphogen in bone development with specific heparin binding domains (Ruppert et al.,
1996). The ECM is rich in heparin once bound diffusion of BMP2 is restricted the through
the matrix, whilst versions of BMP2 without heparin binding domains are unrestricted.
Heparin sulphate is essential for FGF (which is a growth factor) signal transduction (Ornitz,
2000). Adhesive motifs, poly (orniethene) PDL/PLL Laminin, interactions with
morphogens, modulation of cell signalling.

Many of the differentiation protocols to manufacture dopaminergic neurons
require numerous expensive recombinant proteins; cheap controllable inputs such as
tissue culture plastics will improve the differentiation protocols. The materials can be
engineered to work in predicatable ways, whereas that is extremely challenging to do

with biomolecules.

4.1.6 Material Discovery and Design Rational Using High-Throughput Techniques

The Interactions of biological molecules with materials is complicated, therefore
high-throughput techniques will have to be used to get the best results from the
biologically inspired approach. An assortment of high-throughput biomaterial arrays have

been developed to find better biomaterials for stem cell proliferation and differentiation.
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The advantage of the array format is that a large assortment materials can be put on a
single surface in different combinations. The automation of analysis means hundreds of
measurements can be taken from a single image (Zanella et al., 2010). In one example
Mei et al. 2010 form 22 monomomers through photo-polymerization an array of 496 new
biomaterials were produced to discover a synthetic surface inducing pluripotent stem cell
proliferation, a number of ‘hit’ materials were found (Mei et al., 2010). The method was
adapted from Anderson 2004 where a library is synthesized by using a robotic liquid
handler adding dots of monomer mixture to the substrate using a mixture of ink-jet and
dip-pen deposition methods to cope with different viscosities following a computer
designed experimental matrix. The key factor governing biomaterial success is biological
interface (Vogler, 2012). Arrays of ECM surfaces have been produced using a similar
automated format (Flaim et al., 2005). 32 different combinations were produced from 5
ECM proteins. Different proteins have different affinities for surfaces to confirm
adsorption, an array was produced which had fluorescently labelled components and
imaged. With embryonic stem cells high collagen content steered hepatic differentiation.
Recently this ECM array was used to model malignancy (cancerogenic colonization of
secondary organs and tissues) in vitro (Reticker-Flynn et al., 2012). The authors found a
new role for a3B1 integrin in the malignancy process. A similar format has been applied
for testing neural stem cell proliferation (Konagaya et al., 2011). The array confirmed that
a combination of EGF and bFGF are effective at driving neural stem cell proliferation. This
has been known for a long time but it has never been shown with high-throughput arrays.
Arrayed surfaces could be used to also study neural surface markers (Ko et al., 2005)
which would be useful for drug testing or analysing rare neural subpopulations.

A problem with high-throughput biomaterial screening is that some factors that are

more important than others to control cell response. Having some factors can also come
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at the cost of others. A new design methodology is emerging where key factors can be
used as the basis for Pareto simulations that trade-off factors to produce the best
possible result (Besnard et al., 2012). The Pareto front are a concept from economics to
find the best possible designs when that are trade-offs of requirements that can oppose
each other. The main use will be to find an optima, the ability to perform different tasks is
compromised which is termed Pareto efficiency. Protein adsorption is the principle factor
for controlling cell response (Dubiel et al., 2011) through volumes adsorbed and the
conformations of adsorbed proteins. Proteins contain many domains with different
affinities for a range of properties (Lynch and Dawson, 2008), and Pareto fronts will lead
us to materials which perform better when a range of properties need to be considered

and difficult trade-offs are required.
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4.2 Results

4.2.1 Qualitative Observations

Cells which were fixed and stained after three, five and seven days, and with the
early stages of surface colonization being at three days across all three surface
functionalities (Figure 4.2). On the primary amine surface; the neurospheres showed the
most spreading where contact with the surface was maximised. Neural processes
extended out of the large cell masses, and albeit the processes were quite short around
400um. The attached neurospheres were quite close together at this time point, but few
processes extended from mass to mass demonstrating initial colony networks formation.
The extension of processes out of the attached neurospheres was dominated by chain
migration as described in (Lois, 1996), where the axons where migrating independently of
glia. The glia cells had adhered to the surface but remained present in the core of the
attached neurospheres. In these experiments migration and colonization was very much
lead by the neurons with the glia in support (all shown in Figure 4.1). Similarly on the
diamine surface the glia were present in their largest numbers in the attached
neurosphere interior as shown in Figure 4.1. Neurospheres were observed close together
on diamine surfaces. Generally the attached neurospheres on the diamine were less
mature (with less migration out of the neurospheres) than the primary amine surfaces,
but there were some surprising differences such as the outward neural processes. In
contrast these were quite long, and some extended into other large cell masses meaning
the colony network had started to diversify cell communication away from diffusible
signals. The immature look (where neurospheres were mainly intact) was a characteristic
of the neural tissue on the triamine surface also. Figure 4.1 shows that the processes

tended were short with little connection between the spheres at the three day time
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point. In contrast to the other two surfaces, the neurospheres were far apart on the
triamine surface.

After 5 days of cell culture, colonization had advanced from the previous
observations. Neurospheres residing on the primary amine surface had flattened which is
indicative of maturation. The axonal processes became longer and more distinguished.
Chain migration of neurons was observed, however glia very much lead the migration out
if neurospheres at five days because they had projected out furthest. A small number of
individually migrated neurons were observed, along with a lot of individually migrated glia
cells. Long processes (600 um) reached into many neighbouring spread neurosphere
localities. Axonal processes were extending between spread neurospheres on the diamine
surface. The extra time in cell culture had caused more flattening of the neurospheres,
and there was a range differently sized axonal processes. In the flatter areas, neurons
were intermingled with glia, and tended to reside on top of the glia. The migration of
neurons and axonal processes was driven by the glia. The furthest outreaches of the cells
were glia, which were actively colonizing the diamine surface. In contrast the neurons
were leading the colonization of the triamine functionalised surface. Chain migration was
the main driver of neural migration on this surface, whereas glia were the driver on the
other surfaces. The extra time in cell culture differentiation media had caused maturation
of the cells. The triamine surface supported the proliferation of neurons, also the neurons
had a clear definition. The connections between the spread neurospheres were thick and

numerous.
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Figure 4.1 —Reprentative fluorescent images on the 3 test surface over the three time points. Aminopropyl
triethoxysilane which was the primary amine surface. N'[3-(Trimeththeoxysiyl)propyl] ethylene—diamine
(diamine ) and N1'[3-(Trimeththeoxysiyl)propyl] diethylene-triamine (triamine ). The blue DAPI stains the
cell nucleus. Green is Tuj1 which is a neural specific marker, and red is GFAP which is a glia cell marker.

The neural cells continued to mature up to seven days in terms of morphology on
the primary amine surface, where there was a low density look was maintained on the
primary amine surface. The spreading had continued with a very large area of the surface
being covered by the neurons. The neural processes were long and thick indicating there
were well developed lines of communications between the cells. The response of the
neural cells on the two secondary amine surfaces was contrasting because the cells
looked less mature with a retraction of the spread area. The 3D neurospheres (which the

surfaces were originally seeded with) were being re-established on the diamine and
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triamine surfaces. In terms of the neurosphere maturation, the spheres had quite a small
central 3D mass surrounded by a bed of cells largely in monolayer. Within this
surrounding area many axonal projections were evident. We refer to this as the ‘fried egg’
look. On the diamine surface the outward neural processes were dominated by the glia
cell populations. The reforming spheres were also quite close to one another on the
diamine surface. There were very few axonal processes running between the spheres. The
cell response of the neurons to the triamine surface was similar to that presented by the
diamine surface. The secondary amines surfaces have altered between the five and the

seven day time points because the cell response has altered so drastically.
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Figure 4.2 — Chemical structure of the aminosilanes used to functionalize the glass microscope coverslides
used in the experiments.

4.2.2 Water Contact Angle

Water contact angle (WCA) is a simple and reliable measure of surface wettability,
or surface polarity at the interface. Three water contact angle measurements were taken
for each surface for reliability purposes, being performed at room temperature. Results

are shown in Table 7, showing reproducibility between the repeats.

Table 7 — Water contact angle with standard deviations

Surface WCA StDev
Aminopropyl silane 62.3 1.1
Diamine 52.3 0.4
Triamine 40 1.7
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Adding more amine made the surfaces more wettable, and more amination
caused a linear decrease in wettability (R = 0.9929). The polarity of the biomaterial
interface will have a big effect on the biological condition process which was shown with
cells.

The XPS data in Figure 4.3 shows spectra for the primary and secondary amino
silane functionalities. Carbon and nitrogen were chosen because all three chemical
surface treatments contained alkyl chains, and amine groups. All three surfaces had
strong amine spectra. The XPS peaks show the states of the surface functional groups.
The amine peak increased in height as amine content per functionalty inceased, so
primary amine had the shortest peak and triamine had the highest amine peak. A similar
trend was evident with carbon. Small changes to carbon peak height were evident as the
length of the akyl chains increased. The primary amine surface had the shortest peak
height, while the di- and triamine surfaces had similar carbon peaks heights. The oxygen
peaks on the spectra could have been a result of the bonding, glass or contamination.
were on the carboxcylic acid and hydrox| functionalised surfaces. The trend for oxygen
peak height was the oposite of the nitrogen peak height because decreasing amine
content meant that oxygen peak got higher. The primary amine had the highest oxygen

peak, and the triamine had the shortest oxygen peak.
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Figure 4.3 - XPS data from the primary and secondary amine silane functionized surfaces. Spectra of three
elements are displayed: carbon, nitrogen and oxygen.

4.2.3 Neurosphere Spread Area

The spreading of neurospheres is a relevant measurement to the differentiation of
neural stem cells. When neural stem cells and progenitors are cultured as 3 dimentional
neurospheres a clear indicator of differentiation is the independent adhesion and
migration of cells out of the spheres which causes flattening (Duval et al., 2002). The first
stage of the differentiation of the neurosphere is the attachment to a surface with high

affinity. PDL laminin coated surfaces is the most used surface because of the support of
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neural differentiation in cell culture. Here we found the neurosphere tends to be
deconstructed and differentiate with first a migration of the glia away from the sphere,
which will provide the bed for later neurons migration (Altman and Bayer, 1981).
Alternately the neurons can make short range migrations out of the spheres
independently of the glia in a process called chain migration (Jacques et al., 1998). The
key mechanism to control the maintenance of neurospheres and the switch to
differentiated monolayers are changes in the integrin adhesion molecules (Lia S. Campos
etal., 2004).

Neurosphere spreading was assessed to provide a measure of neural colonization
by imaging the surfaces at three time points which were 3, 5 and 7 days (Figure 4.4).
3 days was selected because it was the shortest time point where the samples were
robust enough for cell fixation and antibody staining. Seven days was selected as the
longest time point because exceeding the time point would mean that passaging the cells
would be necessary which is extremely challenging with differentiated neurons. Over the
three time points and the three surfaces the spreading on the surfaces was fairly unique.
From three days to five days linear increases occur on all the surfaces. At the seven day
time point there was a retraction of neurosphere spreading on the secondary amine

surfaces.
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3 Day Neurosphere Spread Area (mm’)
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Figure 4.4 — Neurosphere spread over three time points on primary and secondary amine surfaces. The
statistics are shown too. One way ANOVA @ = Significantly Higher Than primary amine “0= Significantly
Higher Than diamine 9= Significantly Higher Than triamine . Two way ANOVA. = The Means of Time
Points are Significantly Different = The Means of Amine Groups are Significantly Different

The most spreading after three days was on the primary amine functionalised
glass surface with an average spread area of 0.6 mm? The spreading of the flattened
rosette far exceeds the size of the original spheroid which means a rapid differentiation of
neural stem cells and progenitors. The median spread area was on the diamine
functionalised surface which is similar to primary amine but contains an additional
secondary amine group. The average spread area on the diamine surface of 0.4 mm?. The
surface which caused the least spreading of the neurospheres was the triamine
functionalised surface which had an amine functionality and two secondary amines in the
molecule with an average spread area of 0.25. Therefore a trend is highlighted at the
three day time point, which is the addition of amines specifically the addition of more
secondary amines inhibit the spreading of the neurosphere. Neurosphere spreading was

evident on all three surfaces to some extent at the initial three day time point.
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Five days of cell culture increased the spreading on all the surfaces with the
average spreading converged to a similar point on all the surfaces meaning that a steady
trend for spreading was evident at the five day timepoint. This means that the neural cell
types on the two surfaces with the secondary amine were able to finally remodel the
surface to make the surface interface more conducive to spreading and hence
differentiation. The largest value for the spreading was 0.8 mm? on the triamine surface.
The primary amino and diamino surfaces caused very similar on these two surfaces with
both around 0.75 mm?. The error bars slightly overlap between the data between the two
surfaces which means the differences are slight between the surfaces. The largest
increase of spreading was seen on the triamine surface increasing by 0.5 mm?, and the
spreading increased by 0.35 mm? on the diamine surface. The spreading increased slightly
on the primary amino surface, however an upward trend is evident on all the surfaces.

After seven days of cell culture a dramatic change in cell response with the
surfaces with the secondary amines (primary amine and diamine) surfaces occurred. The
spreading of neurons on the primary amine surface continued its upward trend, and the
area increased to 0.9 mm’ from 0.75 mm?”. On the secondary amine surfaces the
observations are very different, because the neural rosettes have decreased in area. On
the diamine surface which had one secondary amine the area of the rosette decreased
from 0.75 to 0.3 mm?. The observation on the triamine surface is similar where the
rosette spreading decreased from 0.8 to 0.4 mm?.

Quality control and statistical testing was performed on the neurosphere
spreading measurements which were collected from the primary aminosilane surfaces
over the three time points. QQ plots (Appedix 4) were made to compare the data
collected from the experiment to a normal distribution. Data collected from the

experiments (the blue circles) were re-plotted by a cumulative distribution function of the
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random variable, and the red line is a reference line. The QQ plots for neurosphere
spreading measurements data collected from the aminosilane functionalised surfaces
tended to have a negatively skewed distribution. Data from the 3 day QQ plots shows that
the data tended to have a negatively skewed distribution most clearly on the diamine
surface. The primary amine and triamine surfaces had more normal distributions. The
five day QQ plots show that the primary amine and diamine aminosilane surfaces
produced negatively skewed neurosphere spreading distributions, and the triamine
aminosilane surfaces the distribution was more normal. This was similar at 7 days. To
cope with the negative skew the data was transformed following log, transformation.

With the aim of maximizing the power of the ANOVA statistical tests the numbers
of groups were cut from 25 sampling squares down to 4. The four squares represented
the more extreme ends with the purpose of not including transition data which leads to
instability in the model. QQ plots were produced for each set of combined neurosphere
data groups, and the graphs revealed very negative skews (Appendix 4). To cope with very
negative skews in the combined data sets natural logarithmic transformations were
performed using an online calculator found at (http://vassarstats.net/transl.htML) to
make the data follow a normal distribution which is an important prerequisite for
statistical testing (Howell, 2012). To verify that the distribution of all the data sets used
have an equal distribution to test the distributions of data were equal which is another
prerequisite for statistical comparisons a Levene’s test was performed in originlab.
Levene’s test showed that the distribution between the 25 sampling squares was not
significantly different after the data transformation.

One way and two way ANOVA was performed on the logn transformed
neurosphere spreading measurements data which followed a normal distribution and

there was equal variance between the groups. What the graph shows in Figure 4.4 was
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that there was a significant difference at the 3 day time point between the groups in the
one way ANOVA. Tukey’s post-hoc test shows that the primary amine surface caused
significantly more spreading than the diamine and triamine . At the five day time point
the one way ANOVA could not detect any differences. In the one way ANOVA at the seven
day time point the results were similar to the three day time point. The two way ANOVA
showed that the population means of the time points were significantly different, and the
population means of surface chemistries were significantly different. The interactions
between time points and surface chemistries were significantly different. The statistics
show that a small change in surface amine content has a significant effect on the
spreading of neurospheres on biomaterials determining the early stages of neural

differentiation.

4.2.4 Neural Cell Density

A key element to translating the cell culture techniques into large scale process is
to keep costs down, so increasing the density of transplant relevant populations is
important. New ways have to be found where defined surfaces increase cell numbers,
because a defined culture surface would be cheaper and more controllable than the
alternatives such as specialist cell culture media, and environmental culture conditions
such as hypoxia. The changes in neural cell densities are displayed in Figure 4.5. At the
early three day time point the neural density measurement informs on neural
differentiation because a high density means that neurons are retained within the
neurosphere. A low neural density at the three day time point is a strong indicator of
differentiation. At the five and seven day time point the measurement is more relevant to

proliferation, because Gage’s team observed that it takes four days for hippocampal
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neurons to divide (Ray et al., 1993). Therefore in the VM neurospheres we would not
expect to notice cell division until the second five day time, because it takes around six to
seven days for cells to double (Ostenfeld et al., 2002). So if neural density remains similar
and the spread area is increasing, neurons are dividing to compensate for the expansion.
A low cell density means a preference of cells towards autocrine signalling, whereas high
cell densities will favour paracrine cell signalling (Lindholm et al., 1996). Neural density
therefore provides a simple measurement of profound consequences.

Neurons across the neurosphere spread area were counted as a means of
quantifying the capacity of neural progenitors to be steered towards neural lineage by the
silane surfaces. The counts were made on samples being positive for Tuj1 neuron marker.
Neurospheres became flattened enough by day three to allow repeatable, reliable
measurements, so none of the cells were obscured by the depth of the larger central
neurosphere mass. Due to some variability in neurosphere size, all quantification of
neuron numbers were normalized to the neurosphere spreading area on the
overwhelming majority of neurons were found. The measurements were made in Image)
using the free hand area tool and the cell counter plugin, a ratio was made from these

values in Originlab 9.
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3 Day Neural Density
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Figure 4.5 — Neural cell density over three time points. The statistics are shown too. One way ANOVA @)=
Significantly Higher Than primary amine “8= Significantly Higher Than diamine &= Significantly Higher Than
triamine . Two way ANOVA. [ = The Means of Time Points are Significantly Different = The Means of
Amine Groups are Significantly Different.

The three day time point showed that the neural density measurement was
influenced strongly by amine content on the surface (Figure 4.6). The most striking
observation was that higher amine content means higher neural density, so the
differentiation of neurons can be controlled with something as simple as surface amine
content. On the primary amine surface the neural density was lowest with 200 neurons
per mm?, which implies a rapid differentiation on the primary amine surface when a link
is made with the area measurement. The second lowest neuron density was on the
diamine surface above the 200 neurons per mm?. The big difference with the primary
amine surface is that the spread area was much lower, so the diamine surface contains
fewer neurons generally. The highest overall neuron density was on the triamine surface
with 400 neurons per mm?. The spreading area on the triamine surface was lowest, so the

high density should be viewed as an indicator for inhibition of neural differentiation.
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INH 2NH 3NH

Figure 4.6 — Three day neural density on the primary amine, diamine and triamine functionalised surfaces.
The images are tiled 20X images. The green channel is Tujl and the blue channel is DAPI. Scale bar is
600um.

Biological conditioning plays the most important factor in governing the cell
responses to the surface at the early time points, so the slight differences in the surfaces
through the addition of secondary amine groups were shown to have a big effect on the
neural density. Generally, the values for neural cell density converged towards 200
neurons per mm? at the five day timepoint (Figure 4.7). Which equates to the neural
density remaining very similar on some surfaces over time, and the neural density
declining a lot on the other surfaces. The neural density showed little alteration from
three to five days on 1 amine surface with a neural density of 175 neurons per mm?, but
the spread area increased by about 30%. To compensate for the increase in spread area
of the neural rosette the neurons will have proliferated to retain a similar density. The
diamine surface caused a slight decrease of neuron density (175 neurons per mm?) when
the measurement was made after five days, however the average spread area has
doubled from the three day time point. On the triamine surface the neural cell density
decreases by half with the five day samples. There were 400 neurons per mm? at three
days which declined to just above 200 neurons per mm? by the five day time point. At five
days the triamine surface also had the highest neural cell density compared to the other

surfaces used in these experiments. The decline in neural density was accompanied by a
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large increase in the spread area on triamine surface. Which shows the neural

colonization is in the early stages on the triamine surfaces.

INH 2NH 3NH

Figure 4.7 - Five day neural density on the primary amine, diamine and triamine functionalised surfaces.
The images are tiled 20X images. The green channel is Tujl and the blue channel is DAPI. White scale bar is
600um.

Neural density observations made from the final time point which was seven days
showed interesting familiarities and divergences from the previous neural density
measurements (Figure 4.8). The neural density was normalized to the spread area, and as
the seven day time point. On the primary amine surfaces neural densities remained
around 200 neurons per mm?, signifying more steady proliferation across all time points
on the primary amine surface. The area increased to 0.9 mm? at seven days, so there was
a lot of proliferation to compensate for the increase in area. The diamine and triamine
functionalised surfaces caused an increase in neural density from just under
150 neurons per mm? at five days to just over 200 neurons per mm? by day seven.
Between the five day and seven day time point spread area halved. Between the five and
seven day time point there has been a loss of neurons to account for the increase in
density, suggesting some sort of alteration to the surfaces containing secondary amines.
The neurons which remain were reforming the neurosphere micro-environment to deal
with the changes with adhesion areas at the cell surface interface. The alternative

explanation was that the neurosphere reformed, and we were observing re-colonization
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of the changed surface. Triamine functionalised surface produced decreases in neural
density by about 50%, which was down to 100 neurons per mm?® from
200 neurons per mm?. This observation should be coupled with a large decline in neural
rosette area which signifies a large loss of neurons between the five and seven day sets of
samples. The neural density measurement is similar to the spread area measurement,
because there was a big difference between the five and seven day time point. The key to
these drastic changes lies in the additions of secondary amines which cause a new

response, or are changed during the cell culture.

INH 2NH 3NH

Figure 4.8 - Seven day neural density on the primary amine, diamine and triamine functionalised surfaces.
The images are tiled 20X images. The green channel is Tujl and the blue channel is DAPI. White scale bar is
600pm.

QQ plots were made to compare the data collected from the experiment to a
normal distribution (Appendix 5). The QQ plots for neuron cell density measurements
data collected from the surfaces tended to have a slightly negatively skewed distribution.
Data from the three day QQ plots shows that the data tended to have a negatively
skewed distribution on the primary amine and diamine surfaces. The triamine surfaces
had a more normal distribution. The five day QQ plots show that the primary amine,
diamine and triamine aminosilane surfaces produced a slightly negatively skewed
distributions for neuron cell density. The seven days QQ plots had slightly negative skew.
To cope with the slight negative skew the data was transformed to deal with the

problems using a square root transformation.
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One-way and two-way ANOVA was performed on the square root transformed
neuron cell density data which followed a normal distribution indicating equal variance
between the groups. What the graph shows in Figure 4.5 was that there was a significant
difference at the three day time point between the groups in one way ANOVA statistical
testing. Tukey’s post-hoc test shows that the primary amine surface had a significantly
higher cell density than the diamine and triamine aminosilane functionalised surfaces.
Which could be due to the increased wettability and surface charge on the di- and
triamine sirfaces. At the five and seven day time points the one way ANOVA could not
detect any differences. The two way ANOVA showed that the population means of the
time points were significantly different, and the population means of surface chemistries
were significantly different. The interactions between time points and surface chemistries
were significantly different. The statistics show that a small change in surface amine
content has a significant effect on the density of neurons. The findings demonstrate cell

spacing is a controllable factor.
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4.2.5 Neuron to Glia Ratio

A critical quality attribute for a cell therapy is the purity of transplant populations
(Rayment and Williams, 2010); increasing the proportion of neurons is a key challenge in
translating basic stem cell science into cell therapies. Cell therapies for Parkinson’s
disease have been tested (Politis et al., 2011) one adverse side effect was an increase in
uncontrolled movements (dyskinesia) in recipients due to serotinergic contamination of
the transplant populations. The long term source of dopaminergic neurons to treat
Parkinson’s disease will be derived from pluripotent stem cells which bring new and
unique risks such as terratoma (Fricker-Gates and Gates, 2010). So increasing the
proportion of neurons is important because it is the transplant relevant population. This is
particularly true in neural cell cultures where supporting glia and astrocytic fractions
trend to dominate cultures with the neurons which are of interest for Parkinson’s,
Alzheimer's and stroke therapies in the minority. Asymmetric cell division of neuron and
glia progeny is a probable explanation, and the fate is controlled by the transcription
factor called neurogenin 2 (Miyata et al., 2004). Understanding the relation of neural cell
division and time is important, so surfaces can be designed and optimised to control cell
fates in stem cells.

Neurosphere spread area normalised neural cell densities were divided by
normalized glia cell densities which provided the basis of neuron to glia ratio. The
measurement informs on the surface’s impact on cell fate, i.e. if the proportion of one
lineage fate can be promoted over another. Neuron to glia ratio (Figure 4.9) provides
another indicator for differences in cell-surface responses. From all the large images
taken from the samples, mixture of neuron and glial cells were observed on the surfaces

tested (staining positive for Tujl and GFAP respectively). The measurements were made
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in Imagej using the free hand area tool and the cell counter plugin, a ratio was made from

these values in Originlab 9.
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Figure 4.9 — neuron to glia ratio over three time points on the primary and secondary amine surfaces. The
statistics are shown too. One way ANOVA = Significantly Higher Than primary amine B= Significantly
Higher Than diamine (&= Significantly Higher Than triamine . Two way ANOVA. = The Means of Time
Points are Significantly Different «@")= The Means of Amine Groups are Significantly Different.

All the test surfaces had a high proportion of neurons which was a positive
indicator for the surfaces tested (Figure 4.10). The general trend was evident: higher
amine content meant higher proportions of neurons found on the surface. When the
proportion is compared to the spread area more neurons are present when there was
less spreading on the surfaces with more amines. Which was probably due to the
influence of neurospheres retaining neurons. The primary amine surfaces had the lowest
proportion of neurons with a ratio of just below 0.5 neurons per glia cell. Spread area was

highest on the primary amine surface. Median average was on the diamine surface,
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because there were 0.6 neurons per glia. This was the first noticeable rise in neurons to
glia because of the addition of a secondary amine. The highest proportion of neurons to
glia found at three days was on the triamine surface where we measured 0.7 neurons per
glia cell. The values show a perfect incremental increase with neural ratio with the
addition of amines at the three day time point. This shows that the stem cell fate
decisions can be influenced with the surface at the three day time point; because

different ratios were observed on the three surfaces and clear trends were evident.

INH 2NH 3NH

Figure 4.10 —Neural and glia densities at three days on all amine functionalised surfaces. The images are in
order of amine content; so 1INH (primary amine) has lowest amine content, and 3NH (triamine) has the
highest. Top row has the Tujl (green) channel. For comparison the row underneath has glia (red) from the
same area. Scale bar is a 600 um.

When the neuron to glia measurement was made at the subsequent five day time
point the upward trend was evident (Figure 4.11). An increase in the neuron to glia ratio
was still evident when the five day measurement was made. Simultaneous to the increase
in the spreading was short range migration of neurons from the original spheroid. Which
provides a clear indication that some surfaces are better for culturing neurons on,
because increases in cell numbers. On the primary amine surface the ratio of neurons to
glia stays around the 0.5 neurons to glia at the five day mark. With the extra proliferation

the proportions of neurons remains similar, and about 75% of the population is glia. The
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diamine surface had the median neuron to glia ratio of 0.6 neurons to every glia. The
diamine surface saw a big increase in spreading and some proliferation, and retained a
high proportion of neurons. In a repeat of the three day measurement the triamine
surface still had the highest average proportion of neurons to glia (0.7). At this stage
there had been a big increase of neuron numbers on the triamine surface, and the neuron
concentration was high. These two points mean that the optimum conditions for the
most numerous neural populations for potential transplants were at five days on the

triamine surface, because numbers and purity of neurons were highest.

INH 2NH 3NH

Figure 4.11 — Neural and glia densities at five days on all amine functionalised surfaces. The images are in
order of amine content; so 1INH (primary amine) has lowest amine content, and 3NH (triamine) has the
highest. Top row has the Tujl (green) channel. For comparison the row underneath has glia (red) from the
same area. Scale bar is a 600 um.

The change in trends that has been seen at seven days in regards to the other
measurements made such as spread area and neural density were also present in the
neuron to glia ratio (Figure 4.12). In general there were neurons to glia at the seven day
time point compared to the five day time point. The culture of neurons on all the amine
surfaces is a time dependent process, because decline happened without exception. On

the primary amine amine surface the proportion declined to 0.3 neurons per glia from
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0.5. The primary amine surface had the lowest fraction of neurons to glia after seven days
of cell culture. In contrast to the primary amine surface the diamine surface had the
highest fraction with 0.5 neurons to each glia cell. This value also represents the small
decline of the fraction of neurons to glia from five days to seven days. Coinciding with the
slight decline in the neurons to glia was retraction of the spread area and reformation of
the spheres. Which means the composition of the new spheroid will be different because
there are less Tujl positive cells in the reformed spheroid. The steepest decline in the
fraction of neurons to glia was on the triamine surface, because at seven days there were
only 0.4 neurons to each glia. Which was a decline by 0.3 from the five day value. The
surface possibly altered at five days. The secondary amine surface tested decreased in
terms of neural density and spread area at seven days of culture, but the neuron to glia

ratio was uneffected by secondary amine surfaces.

INH 2NH 3NH

Figure 4.12 - Neural and glia densities at seven days on all amine functionalised surfaces. The images are in
order of amine content; so 1NH (primary amine) has lowest amine content, and 3NH (triamine) has the
highest. Top row has the Tujl (green) channel. For comparison the row underneath has glia (red) from the
same area. Scale bar is a 600 um.

QQ plots and Levene’s variance test showed that the data collected for neural to
glia ratios required no transformation for statistical testing (Appendix 6). One-way and

two-way ANOVA was performed on the neuron to glia ratio measurements which
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followed a normal distribution and there was equal variance between the groups.
One-way ANOVA statistical testing at the three day time point between the groups
showed a significant difference. Tukey’s post-hoc test shows that the primary amine
surface and diamine aminosilane functionalised surfaces were significantly different. At
the five and seven day time points the one way ANOVA could not detect any differences.
The two way ANOVA showed that the population means of the time points were
significantly different, and the population means of surface chemistries were significantly
different. The interactions between time points and surface chemistries were not
significantly different. The statistics show that a small change in surface amine content
has a significant effect on the fraction of neurons to glia on the surfaces which shows that

a surface influences cell fate.

4.2.6 Axon Process Lengths

One of the biggest promises of neuro-regenerative biomaterial is to grow and
guide neurons to specific injured areas. In a phenomena called ‘contact guidance’ coined
by Weiss, 1934 when neurons follow features on a biomaterial surface. This feature has
been exploited successfully with nanofibre surfaces with neurons being aligned by the
surface (F. Yang et al., 2005). The key challenge is to find simple ways or principles to
control the lengthening of neurons which will provide the basis of rewiring neural

circuitry in effective stem cell therapies.
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The measurement was made by counting the length of individual axonal processes

because the aim was to control the lengthening of axons using surface chemistry. Axonal

processes which Tujl positive were measured with the free hand line tool in NIS elements

(Nikon UK). Figure 4.13 presents histograms informing on outputs such as distribution,

frequency, and QQ plots (Appendix 7) to compare theoretical distribution against

measured distribution which makes trend spotting simpler.

In accordance to the other measures, axonal process were first measured 3 days

into culture (Figure 4.14). The primary amine functionalised surfaces which was used in

the previous chapter had a wide distribution of axon lengths. The distribution centres

around the 500-600 um mark for the mean. The mode value was around the 400 um

mark. A few extremely long processes were observed which measured 1400 um. The QQ

comparative plots show that the observed data had a positive skew when compared to

the normal distribution reference line. The distribution of axonal process lengths on the
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centered around 500 - 600 um on the first secondary amine surface tested (diamine). The
mode of axonal lengths appeared around 400 um on the diamine surface. The QQ plots
show that the distribution had wide tails with extreme values appearing at both ends. All
the axonal process lengths were very similar at the three day time point the mean and
the mode values were the same on the other secondary amine surface tested (triamine).
The distribution itself had a positive skew like the primary amine surface, however the
conclusion at the three day time point is that axonal process length is not effected by the

tested surfaces.

INH 2NH 3NH

Figure 4.14 - Reprentative images of axon lengths in the Tujlchannel taken at three days on all amine
functionalised surfaces. The images are in order of amine content; so 1NH (primary amine) has lowest
amine content, and 3NH (triamine) has the highest. The scale bar is a 100 um.

The observations made at five days show the axonal process lengths were more
affected by the surfaces, and particularly the edition of secondary amines (Figure 4.15).
On the primary amine surface which had a primary amine on the head group position of
the molecule caused the values of axon process lengths shifted to the right. The mean for
process length on the one amine surface was around 700 pum, and the median value was
around 600 um. The QQ plot show the collated data for axonal process lengths on the
primary amine surface retained a positive skew. Compared to the measurements at three
days the axonal process lengths did not alter noticeably from 3 to 5 days of culture on the
diamine surfaces. The mean and mode values did not change, indeed the exact same

stationary response was observed on the triamine surface too. The only differences were
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revealed with the QQ plots which showed the distribution of axonal process lengths on
the diamine had a positive skew. In contrast QQ plots showed that the data distribution
for axonal process lengths had characteristics of a wide tailed distribution. Five days of
cell cultured showed that lengthening of axonal processes was inhibited by the addition

of secondary amines to the biomaterial surface.

INH 2NH 3NH

Figure 4.15 - Reprentative images of axon lengths in the Tujlchannel taken at five days on all amine
functionalised surfaces. The images are in order of amine content; so 1INH (primary amine) has lowest
amine content, and 3NH (triamine) has the highest. The scale bar is a 100 um.

The trends witnessed at the second time point carried over into the third and final
time point at 7 days of cell culture (Figure 4.16). The histogram shifted further to the right
on the primary amine surface, so repeats a clear trend that the primary amine surface
was permissive to the lengthening of axonal processes. The mean axon process length
had increased to 800 um, but the mode still remained at 600 um. The QQ plot shows that
the distribution of axonal process lengths retained the positive skew which was seen with
the other two time points. Another interesting observation is that the primary amine
surface provided the right environmental conditions for a small population of neurons
with very long axons (> 1200 um) at the three time points which were not witnessed on
the secondary amine surfaces. The histograms remained stationary on the di- and

triamine secondary amine surfaces, and the QQ plots remained similar.

157



Chapter IV — Rationally Bio-Designing Surface Chemistry to Control of Neural Stem Cell Fate

INH 2NH 3NH

Figure 4.16 - Reprentative images of axon lengths in the Tujlchannel taken at five days on all amine
functionalised surfaces. The images are in order of amine content; so 1NH (primary amine) has lowest
amine content, and 3NH (triamine) has the highest. The scale bar is a 100 um.
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4.3 Discussion

Translation of stem cell therapies to treat incurable diseases is an important aim
for healthcare providers because of the expansion in costs. To expedite the translation of
cell therapies surfaces have been highlighted as an ideal tool (Couture, 2011,. Pashuck
and Stevens, 2012), because surfaces are simple to define when properties can be
introduced in a controllable way. Controlling cell responses in terms of process such as
division, differentiation, and migration are difficult to control. A common area of
biomedical research is to optimise factors or conditions to achieve better control of cell
response. The aim of the work was to follow on from previous work in chapter three, and
optimise the surface to control cell response with clear comparisons where only slight
changes were made. Frequently in stem cell differentiation research proteins from the
development process are added to cell culture media, and proteins which cause the
desired response are viewed as being more effective (Caldwell et al., 2001). The problem
is that the developmental proteins behave differently in cell culture media compared to
their natural surroundings in niches, and even when not taking into account dynamics. So
when for example two growth factors are compared for cell expansion it is treated as a
factor when it should be treated as a condition which requires a different type of analysis
and interpretation.

The rational of the experimental design was to compare three different
aminosilanes to elicit different neural cell responses. In the biologically inspired designed
paradigm the chemistry of the materials is a lower rung in the hierarchy (Castner and
Ratner, 2002), but the incorporation of biologically relevant chemistry into future
materials will mean some of nature’s amazing chemistry can be engineered into materials
in a simple way. Secondary amines are the perfect starting point for this approach for

biologically inspired design, because of abudance of secondary amines in nature. By
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stripping the experimental design into a simple comparison between primary and
secondary amine surfaces, speed and versatility was added to the experiment. The
analysis of biological responses was simple to analyse with widely available microscopes,
and the experiments followed a simple rational which would simplify future optimization.
High throughput surface discovery methodologies have emerged (Anderson et al., 2004)
the cornerstones of the methodology are arrayed surfaces, high content surface and
biological characterisation, and multivariate statistical analysis (Mei et al., 2009). The
problem of these methods is specialist equipment is required for preparation, and
correlations between surface properties and cell responses are non-existent (Mei et al.,
2010), because of the way experiments were put together (R* = 0.39 for a linear
correlation between colony formation and roughness, and the best correlation was
between colony formation and elastic modulus R? = 0.88). Unless a ‘hit’ is found, the
principle rational cannot be unpicked to rationally designed better materials. In contrast

we used a simpler rational of changing the amine content on the surface.

4.3.1 Colonization of the Surfaces

Currently most biomaterials used in medicine are designed not to interact with
the host, and that is problematic in long term implantations. Neurospheres instead of
single cells were used in the experiments to assess the biological conditioning of the
surface, because the flattening and dismantling of neurospheres provide good indication
of differentiation. Over the three time points the primary amine surface had more
neurosphere spreading compared to the secondary amine surfaces. When the spreading
was next measured at the five day time point spreading had increased on all the surfaces,
and the difference between the primary and secondary amine surfaces were negligible.

Which means the spreading really caught-up on the secondary amine surface. The final
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time point where the spread area was measured was after seven days. On the primary
amine surface the spreading of the neurospheres increased, however on the secondary
amine surfaces the spreading contracted was observed to reduce. Selection of the time
points was about incorporating different parts of the cell material biological conditioning.
The three day time point informs on the biological conditioning, and five days was to
inform on cell mediated conditioning of the environment where ECM turnover was the
key process (Lawrence and Madihally, 2008). The seven day retraction in neurosphere
spread might be explained with something on the surface changed which manifested in a
spreading retraction. It has been established that serum is important for the attachment
of neurospheres to biomaterials as shown in poly(vinyl alcohol) (PVA) poly(ethylene-co-
vinyl alcohol) (EVAL) biomaterial comparisons (Hung and Young, 2006). The EVAL and PVA
are similar polymers with lots of hydroxyl groups, with the PVA being more hydrophilic. In
similar experiments it has been shown laminin adsorbs better on EVAL substrates
compared to PVA which was seen with superiors neurosphere spreading (Li et al., 2012).
Similar observations have been made with fibronectin, however fibronectin enhanced the
proportion of neurons (Kearns et al., 2003). The early biological conditioning will have
made a big impaact on the neural colonzation of the amine functionalised surfaces by

being the foundation.

4.3.2 Neuron Lengthening

In neurodegenerative diseases such as Parkinson’s and Alzheimer's the pathology
of the disease in the advanced stages have characteristic lesions to the affected areas. In
cell therapies to treat Parkinson’s disease, the cell therapy will have to be accompanied
by factors which dampen the inhibitory cues present in the hosts to allow for axonal

regrowth and functional regeneration (Lindvall et al., 2004). For example in spinal injury,
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the area concerned will form a glial scar in the early stages where immune cells come in
to stabilize the site (Silver and Miller, 2004). The consequence is that axonal growth cones
which would reinnervate the site and regenerate function face inhibition. Animal models
of Parkinson’s disease point towards a number of different chondroitin sulfate-bearing
proteoglycans being the main inhibitory cue (Moon et al., 2001). To aid regeneration in
the animal models the authors used chondroitinase. Material-based solutions are needed
to enhance the therapeutic action of cell therapies which will have to overcome the
inhibitory cues present in the pathology of neurodegenerative disease. Currently the
transplant interventions are highly attrition with limited engraftment, and limited
interactions with a majority of the transplanted cells (Ben-Hur et al., 2004a).

The findings show a factor to control the lengthening of neurons was controllable
due to a simple characteristic of the surface. Indeed the relationship between axon
processes and materials have been studied extensively. ‘Contact guidance’ was first
described by Wiess in the 1930’s where neurons would align and fellow features of the
environment. Early attempts showed neurons could be grown in tracks which allowed for
patterning (Kleinfeld et al., 1988). Another more precise axon guidance of individual
neurons controlled with surface topography was achieved by (Dowell-Mesfin et al., 2004)
with single cell guidance. Others have shown that the combination of topology and
synthesised peptide ligands can mimic the effects of ECM molecules, but in a more
precise and controlled manner (Saneinejad and Shoichet, 1998). In terms of getting the
surface scale features into more three dimentional constructs fibres provide an attractive
option. Alignment of neurons on three dimentional fibre constructs has been shown in
(F. Yang et al., 2005) where the authors compared the alignment of axons of random and
ordered fibres. The axons did not align on the random fibres, but aligned when the fibres

where aligned. Fibres can also be functionalised to add further control as shown in (Silva
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et al., 2004), where differentiation could be effected by synthesised peptide epitopes.
Neural guidance can be controlled with physical feutures on materials, but where the
primary and secondary amine surfaces are interesting is that the lengthening of axons is
controllable using simple surface chemistry.

In these experiments the first time point measured was at three days of cell
culture. At this time point the distribution of axonal process outgrowths centred around
500 um on the primary and secondary amine surfaces. However as the cell culture
progressed on the primary and secondary amine surfaces, it was clear outgrowth of axons
was only happening on the primary amine surface. On the secondary amine surfaces, the
outgrowth of individual axonal process did not move out further. The histograms of
axonal processes outgrowths remain tight on the secondary amine surface over the three
time points compared to the primary amine surfaces. One mechanism could cause the
outgrowth of individual axonal processes at three days, but secondary
processes/mechanisms which caused further lengthening were inhibited on the
secondary amine surfaces at the three and five day time points. The distribution of axonal
processes lengths might have been wider on the primary amine surfaces, because it could
facilitate a wider range of surface/biological mechanisms which cause outgrowth.

Numerous mechanisms have been researched as the cause of axon elongation and
guidance and can be broadly classed as: molecular, physiological, and physical. The
classical view of axon guidance is that a soluble protein factor will serve as a chemo-
attractant. The best established chemo-attractant is nerve growth factor (NGF), where
NGF causes the outgrowth of axons. NGF was first isolated after observation of in vivo
experiments (Levi-Montalcini, 1987). In a comparison between Glial cell line-derived
neurotrophic factor, Brain-derived neurotrophic factor, and NT3 in a rat dorsal column

lesion model. When NT3 solutions were applied to the lesions, the strongest regeneration
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was demonstrated (Bradbury et al., 1999). In an interesting knock-out experiment it has
been show SHH displays chemoattractant properties with axons (Charron et al., 2003).
The authors knocked-out Nestrinl which would take away guidance, when shh was
introduced chemo-attractive behaviours would return to the axons. Efforts have been
made to get these signals into materials where shallow NGF immobilized gradients the
axons from neurospheres extended furthest (Joddar et al., 2013). Biomaterials can
therefore be used in complicated ways to achieve goals.

The area which will have been most affected by the primary and secondary amine
surfaces will have been physical factors. It is well known that epitopes on ECM cause the
outgrowth of axons (Skubitz et al., 1991, Liesi et al., 1989, Kanemoto et al. 1990). On the
laminin ECM basement protein the epitopes which promote axon outgrowth include:
KEGYKVRDLN (Skubitz et al., 1991), RNIAEIIKDI (Liesi et al., 1989), and IKVAVSADR
(Tashiro et al., 1989). These epitopes would provide the cues for axon outgrowth on the
amine surfaces of laminin or fragments adsorped from the serum from cell culture
medium. Another physical cue which could have caused the outgrowth of the individual
axons is the NCAM which is present on the surface of neurons and glia and is specific to
neural cell types where it is expressed on the surface (Noble et al., 1985). Therefore
neurons do not have direct contact with the surface. Neurospheres in the experiments
were used as sources of both neurons and glia on amine functionalised surfaces. Being
able to control axon outgrowth with a simple surface is desirable because the principles
can be engineered to present ideal conditions to control axonal outgrowth. Along with
producing better cell therapies to treat neurodegenerative diseases efforts are required
to get rewiring of effected pathways, because often the rate of engraftment of

transplanted cells has been low in animal lesion models (Ben-Hur et al., 2004a). If
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guidance of transplanted cells be guided then the efficacy of neural cell therapies could

be improved.

4.3.3 Cell Populations

To assess the effect of the primary and secondary amine functionalised surfaces
on the differentiation of neural stem cells and precursors the neural density and neural
fraction were measured. The density of neurons provides a corroborative indicator of
differentiation which takes into account expression of the tujl neural phenotype marker
and physiological/morphological condition of the neurons. This indicates whether the
neurons want to spread out as highly differentiated neurons forming extensive networks
or as clusters where new networks are being established. After the three day time point
the neural density measure informs on proliferation of neurons, because if similar
densities are retained with expansion in spreading then neurons have proliferated to
keep the density at similar levels. The neural fraction was measured to examine surface
promotion for differentiation of the useful (in terms of cell therapy) neural cell
population. In standard neural cell culture the glia cell populations will dominate,
therefore a simple surface treatment to existing materials would be desirable to control
pattern formation (van Ooyen, 2011) and make more of the desirable neural populations

for cell therapies in the same space.

Another advantage to controlling the neurons over glia with synthetic surfaces is
the elimination of expensive reagents, and passive control of the neural cell linages. This
is desirable state of because it leads to a more robust closed system where fewer

interventions are required elimnating many perturbations.
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Over the three time points a clear observation was that the faction of neurons was
higher on the secondary amine surfaces. The fraction of neurons started at 0.51 neurons
per glia at three days, and declined to 0.39 neurons per glia after seven days of cell
culture which was expected. On diamine surface the fraction of neurons started at
0.63 neurons per glia at three days, and slightly declined by 23% to 0.49 neurons per glia
by the final seven day time point. The measurements were similar on triamine surface
which was the other secondary amine surface with high neural fractions, and a slight
decline. The density of neurons started at 0.69 neurons per glia after three days of cell
culture, and that was the highest neural fraction. The neural fraction declined slightly
more on the triamine surface (29%) 0.49 neurons per glia when the final seven day time

point of cell culture was reached.

The neural density measurements showed findings which could be seen with other
measurements made such as neurosphere spreading on the primary amine surface which
had a primary amine head group the neuron density started at 184 neurons/mm? which
was the lowest density, because the neurospheres spread rapidly on the primary amine
surface. As cell culture advanced to the terminating time point at seven days the neural
density declined to 162 neurons/mm? and shows that the surface promoted neural
proliferation because the density stayed stable even though the spread area kept
increasing. The density of neurons was far higher on the two secondary amine surfaces,
because the spreading of neurospheres was far lower and the images show that there
were more neurons on the secondary amine surfaces. The density of neurons started at
581 neurons/mm? at three days. The next time point was at five days which was
200 neurons/mm2 showing a steep decline, because the spreading increased. The final

time point was at seven days where the density stayed steady at 200 neurons/mm?, but
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the spreading decreased which means a declined in the number of neurons on the
diamine surface. The observations were similar on the triamine surface which highlights
the influence of the secondary amines. The first measurement of neural density on the
triamine surface was 360 neurons/mm? after three days of incubation in cell culture
media. The neural density had declined (222 neurons/mm?), because the neurospheres
had spread a lot. The spread area contracted at the final time point on the triamine
surfaces, and the density was 143 neurons/mm?Z The neuron density had been declining
on the triamine surface over the course of cell culture, so the neurons were being lost.
The diamine surface most notably at the first time point had a massive neuron density.

Which means an ideal time and surface to maximise neuron numbers.

An important factor which biomaterials control are the adsorption of proteins
which effect cell response. The serum as discussed earlier is important for the attachment
of neurospheres to a surface, but serum can also influence the fate of progenitors and
neural stem cells (Li et al., 2012). When foetal bovine serum was split into fractions based
on molecular weight, and the authors observed more MAPK (neural markers) compared
to glia markers when the cells were cultured with low molecular weight fractions serum.
Providing an explination for changes in glia numbers across the diffent surfaces. In cell
culture the cell density and proximity to other cells has been shown to influence cell fate
(Tsai and McKay, 2000). At high densities the progenitors and stem cells would produce
neurons and astrocytes, however cells would produce smooth muscle cells. Cell density
was controllable across the tested surfaces which shows simple changes to the surface

can control complicated stem cell responses.
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4.4 Chapter Four Conclusions

At three and five day measurements secondary amine surfaces outperform the

primary amine surfaces in all cell surface response metrics such as cell numbers

and the higher ratio of neurons.

e At seven days the performance in terms of neural cell response on the surfaces
containing secondary amines declines.

e The only measure unaffected by the secondary amines at seven days of cell
culture was the neuron to glia ratio

e Incorporation of biological chemistry in to surfaces will have to studied carefully,

in order to prevent negative effects on cells.
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Chapter V

5 A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell

Populations

5.1 Introduction

Gradients are a key part of forming the structure and cell fates during
development in many organs and tissues in the body (Ashe and Briscoe, 2006). In order to
mimic diffusible morphogen gradients during the conversion of stem cells to mature
phenotypes, it is common in stem cell differentiation protocols to use multiple diffusible
morphogens applied serially at optimal timings (D’Amour et al., 2006). The results can
produce highly functional tissue as shown in (Kriks et al., 2011b and Oldershaw et al.,
2010). These methods are resource intensive, and cause challenges in repeatability and
scalability because of complexity of protocols (Cohen and Melton, 2011). The protein
morphoghens and growth factors are expensive, and more than one tend to be used in a
lot of protocols. Another problem with the addition of morphogens in cell culture media is
the levels are steady-state which means that the natural gradient dynamic is lost (Saha
and Schaffer, 2006). The complexity of differentiation has also made repeatability an
issue, because all the steps are a source of perturbations to a fragile system. Another way
to reduce production costs, tackle repeatability problems and raise efficiency is by
removing unit operations and having a consolidated bioprocess (Lynd et al., 2002). In the
context of cell therapy production it means producing differentiated cells and expanding
stem cells simultaneously. Normally separate steps are required to expand and
differentiate, so it would be useful to do both simultaneously. In terms of neural cell
therapies for brain repair it would be useful to separate out and enrich cell populations

that are more likely to engraft because attrition of transplanted cell populations is so high
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(Ben-Hur et al., 2004b). Equally, with the move towards stem cell-derived therapies
(Fricker-Gates and Gates, 2010) there is a need to generate pure, defined cell populations
for transplantation, as undifferentiated proliferating stem cells in the transplant present
the risk of teratoma formation (Nussbaum et al., 2007). Purity of transplanted cells may
also be key in preventing unnecessary graft-induced side effects. For example in
Parkinson’s disease cell therapies serotonergic neuron impurities in dopaminergic grafts
have used been shown to sometimes un-intentionally introduce unwanted movements
(dyskinesias) in the recipient (Politis et al., 2011). A priority for regenerative medicine is to
produce pure transplantable populations in order to get higher efficacy in transplanted

neural cell therapies.

5.1.1 Natural Biological Gradients

In development and homeostasis, gradients (physical and diffusible morphoghen
gradients) play multiple roles in stem cell differentiation (Ashe and Briscoe, 2006), cell
proliferation (Lai et al.,, 2003) and migration (Niethammer et al.,, 2004). Various
mathematical models have been proposed to explain diffusible morphogen gradients in
neural tube development (Rogers, 2011), and the models also provide predictions and
explanation of the system. Alan Turing in the 1950’s, later Gierer and Meinhardt., 1972
proposed morphogen gradients and diffusion based self-organisation models. Along the
length of the gradient there are different concentration zones specifying different cell
fates. For example: in a neural context SHH is produced in the notocord ventral to the
neural tube (source) and diffuses upwards towards the dorsal neural tube (sink) (Briscoe
et al., 2001). Different neural cell fates are found along the gradient (Ye et al., 1998, Blaess
et al., 2006) with further specification obtained through gene regulatory networks (Jaeger

et al., 2004). A problem with the model is sustaining the gradient because in a diffusion
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chemical system, equilibrium will be reached too rapidly to affect development (Kerszberg
and Wolpert, 1998). Newer models propose that the gradient is sustained through other
parameters. Some models suggest that the combination of diffusion, degradation and
endo/exocytosis of bioactive signalling molecules form and sustain the gradient (Eldar et
al., 2003,Kerszberg and Wolpert, 1998). Other models add diffusion tortuosity of the
morphogen through the extracellular space to solve the problem (Lander et al., 2002).
Lander recently highlighted that adding parameters can make models unstable because
each parameter will bring new perturbations to the system (Lander, 2013).

Cell migration is often directed with biochemical and physical gradients. In vitro
mechanotaxis has been witnessed where cell movement is directed in the direction of
stiffness, so when the cells are in a softer region, migration is easier when compared to
the harder regions (Sochol et al., 2011). Motile cells especially in the immune system will
move towards the source of chemo-attractant (Zigmond, 1977). Gradient directed
migration can be seen with fibroblasts in wound healing assays (Seppa et al., 1982). Cell
adhesion has been shown to be affected by gradients (Cavalcanti-Adam et al., 2007)
where changing the spacing of a cell adhesive peptide (RGD which is selective for the a,Bs
integrin (Haubner et al., 1996) altered cell spreading across a surface in response to the
spacing. By moving the RGD peptides closer together cells would spread more because of
integrin clustering (Cavalcanti-Adam et al., 2007). When spacing of the RGD peptide
sequence was incorporated into a gradient (Hirschfeld-Warneken et al., 2008) the cell’s
actin filaments (cytoskeletal component) which are anchored to integrins re-orientated in
the direction of the focal adhesions. Therefore if cells polarized in the direction of closer
spaced RGD sequences then this property could be manipulated to control surface effects
on migratory cells. Utililizing gradients in cell culture would add possibilities which were

previously not considered.

171



Chapter V - A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell Populations

5.1.2 In Vitro Gradient Surfaces for Biological Testing

Cell culture substrates provide an excellent opportunity to control many biological
processes because properties such as gradients can be introduced in a controllable
fashion. Hapotaxis which is the migration of cells in the direction of a surface attractant
gradient, started as hypothesis where thermodynamics could drive cell migration (Carter.,
1967). Later it was shown experimentally with laminin with a chamber system of different
laminin concentrations (McCarthy., 1983). One of the benefits of developing an
orthogonal dual gradient i.e. is amenability to high-throughput methods, which require
less resources, multiple experimental factors can be tested simultaneously and samples
can be analysed rapidly (F. Yang et al., 2009, Zelzer et al., 2011). The combination of
manual operation make tasks slower, and plastic-ware which has not been designed
specifically for the job means that resource usage is sub-optimal. In terms of high-
throughput surface testing a number of processes are automated, so the keystones of the
methodology are miniaturized surface libraries, large scale measurement acquisition and
automated analysis (F. Yang et al., 2009)(Anderson et al., 2004). High-throughput
methodologies incorporating gradients are slightly different where the focus is on
optimisation of the surface with a known surface parameter for the desired cell response.
The key difference between gradient and spots array high-throughput testing is gradient
surfaces are continuous, whereas polymer spots are discontinuous (Hook et al., 2012),
which means biological nuances are easier to observe on surface gradients. Another
advantage to using gradients is that the cell’s dynamic extracellular micro-environment
can be better mimicked in vitro, which is overlooked with conventional poly(styrene)
tissue culture plastic which is static (Roach et al., 2012). A common problem with tissue
culture plastic is that there is variability between the brands in terms of cell response,

protein adsorption and material characteristics (Zeiger et al., 2013). This is surprising
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because the products and production process are similar (Barker and LaRocca, 1994). To
improve on current tissue culture surfaces then specific cues to ellicit specific biological

responses will have to be engineered in to the surface.

5.1.3 Gradient Surface Production

Gradient surfaces have been produced using ‘wet chemistry’. Gradient surfaces
where produced by simply immersessing samples in non-reactive paraffin, or exposing to
reactive chloro-silane vapour. By altering the immersion and exposure time a functional
gradient was engineered (Chaudhury and Whitesides, 1992). The Chaudhry and
Whitesides method was adapted to produce orthogonal gradients of polymer density and
chain length (Wu et al., 2003). First an initiator gradient was anchored to the surface that
would control density. Next polymer branches of varying length were grown from the
initiator, controlled with parameters such as time, monomer concentration and
polymerization temperature. Gradients can also be formed through sequential filling of a
reactor with a polymerization mixture (monomer, catalyst, ligand, and solvent) (Xu et al.,
2005). Mixed polymer surfaces can be prepared by adapting the method to use two
monomers, for example to create gradients of poly(methylmethacrylate) and
poly(styrene). Various methodologies have been used to make gradients which means an

array of chemistries and functionalities can be engineered into gradient surfaces.

5.1.4 Gradient Cell Culture Surfaces

It has been established that chemical surface gradients have a profound effect on
the biological interface. Protein adsorption from blood serum on to gradients was affected

on to gradients of 2-aminoethyl methacrylate and poly(carboxyethylacrylate) that created
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a charge gradient (Ekblad et al., 2009). Surface plasmon resonance spectroscopy showed
protein adsorption followed the (positively charged) 2-aminoethyl methacrylate gradient
with greater protein adsorption with greater charge; while protein would resist the highly
concentrated poly(carboxyethylacrylate) (negatively charged) end.

The effect of protein adsorption gradients have been used to study cell spreading
as a downstream consequence in Mei et al., 2006. Poly(2-hydroxyethylmethacrylate)
brushes were used to control adsorption of fibronectin, adsorbed volumes of fibronectin
were estimated using a mathmatical model. Cell spreading was affected with increased
spreading in areas of low poly(2-hydroxyethylmethacrylate) coverage. The authors
estimated more fibronectin adsorbed in areas of low poly(2-hydroxyethylmethacrylate)
coverage. Similarly cell adhesion has been controlled with RGD ligand density (Harris et al.,
2006), where cell adhesion increased linearly with RGD density. Plasma polymerised
ppHex/ppAAmM wettability gradients have been used as a way of controlling cell density
(Zelzer et al., 2008). 3T3 fibroblasts in the experiments adhered preferentially on the
ppAAm, and the density of cells was lower on the more hydrophobic ppHex.
ppHex/ppAAm gradients have been multiplexed with topographical gradients to see if cell
morphology of the 3T3 fibroblasts could be controlled further (J. Yang et al., 2009).
Chemical gradients have also been used to culture neurons. A similar gradient of
ppHex/plasma etch glass was used to control hippocampal neural adhesion and cell
density/proliferation (Zelzer et al., 2011). These neural properties where enhanced on
hydrophillic regions of the gradient. Multiplexed chemical and topographical gradients (J.
Yang et al., 2009) have been adapted for neural co-culture (Roach et al., 2012). Inclusion
of a mixed neuron/glia culture of structural grooves and changes in wettability provided
an effective combination for neural guidance. In essense, allowing a mixed co-culture of

neurons and glia to develop also resulted in a higher neural density, because glia were
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essential to maintenance and proliferation of neurons. Cell adhesion, spreading, density
can be controlled with gradients, and the next place to apply gradient substrates is control
of stem cell differentiation. This application is extremely challenging because of the
complexity in stem cell differentiation which are usually achieved using complex medias.

In chapter three the neural cell response was enhanced on amine functionalised
surfaces in terms of neural differentiation and spreading (Chapter three) Therefore we
focused on amine functionality using gradients of brush length and density of
poly(NIPAAm). NIPAAm has been used in chemical gradient surfaces for cell culture in Li et
al. 2008. HepG2 Cells (hepatocellular carcinoma) cell attachment could be controlled with
temperature and individual cell spreading reacted to the gradient. Depending on the
brush thickness in terms of position on the gradient the cells would take longer to detach
when cooled. Poly(NIPAAm) is more commonly used in regenerative medicine due to its
thermo-responsive nature, and cells can be removed from a surface without the use of
enzymes (J. Yang et al., 2005). The lower critical solution temperature (LCST) is about 32°C
when cells are cultured at 37°C (physiological temperature). Below the LCST the NIPAAm
takes a strand conformation where it is soluble in water, and above the LCST NIPAAmM
takes a globular form that is immiscible with water (“Poly(N-isopropylacrylamide)-based
Smart Surfaces for Cell Sheet Tissue Engineering,” n.d.) thus at below 32°C (Figure 5.1).

T>LCST T<LCST

Figure 5.1 - The lower critical solution temperature (LCST). At either end of the LCST the morphology of the
NIPAAmM polymer chains change.
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The next application where gradients which can be used for considerable
advantages will be to control problematic stem cell differentiation techniques elimating
complexiety and usage of exspensive reagents. NIPAAm gradients provide many

advantages which have not been put to full use in previous applications.
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5.2 Results

Figure 5 2 — Confocal fluorescence 3D image composits to demonstate organization of the structures on the
NIPAAm gradient at different magnifications shown with scale bars. A, B, D & E the images were
immunogenically stained for Nestin (red) and Sox2 (green). Pictures C & D were stained for Tuj1 (red) and
GFAP (green). (A) show a small spheroid (60X objective lens) lacking organization of the cell lineage. (B) was
a bigger more organized spheroid (40X objective lens) with Nestin and morphology positive cells found at
the outer cortex. (C) shows neurons and glia in a bigger aggregation and the markers and morphophologies
of cell which can be seen at the periphery and core. D & E show very large aggregations (40X nose-peice)
which were un-orgaized with no particular localization of phenotypes, persumably sorting would have
orccured later. (F) shows a typical neural monolayer (20X objective lens).

5.2.1 Surface Characterisation

Water contact angle (WCA) is a measure of a surface’s wettability which will affect
the protein conditioning of biomaterial which manefests downstream with cell response.
WCA is the measure of polarity at the surface interface with polar parts of the having a
lower WCA. Water is used because it is a polar solvent and will maximize its exposure to a
polar surface.

5 plL of water was added to the coverslip with a Hamilton syringe. 20 droplets were
placed and imaged on the gradient surface with the varying wettabilies recorded and

measured using the LBADSA pluggin for Imagel.

177



Chapter V - A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell Populations

Water Contact Angles Acrcoss the NIPAAm Gradient

74

Figure 5.3 (a) — WCA on the gradient surfaces. The surface plot shows wettabilities across the gradient. Red
shows the least wettable areas, and purple shows the most weattable areas. Drop shape images and their
origins are shown with the graph.

There was a linear trend for wetablities on the gradient surfaces, and with
increases in wettability due to increases with polymer lengths. The highest density of
polymer brushes and the horizontal axis goes from shortest to longest polymers (Figure
5.3 (A)). The most hydrophobic area when the polymer was shortest, and the decline in
series one was the sharpest. The increase in wettability (decrease in WCA) was similarly
sharp with in regions which had the second highest density of polymers had a linear
increase in wettability with increasing polymer length. Following the areas with the
second lowest density of the initiator water contact angles were the lowest (most
hydrophillic), the increasing wettability was not as sharp as the decreases in initiator
density which had the lowest density of polymer brushes had the highest WCA, a linear
decline was evident. These areas which were the second most hydrophobic after high
intiator density areas. Generally the WCA was more influenced by polymer densities on
the NIPAAm gradient. The reason for the high hydrophobicity was probably a result of the
W(CA being measured at room temperature and the de-ionized water being cold as a result
of being in the holding tanks. It is recognised that the wettability of NIPAAm materials

change with temperature because at temperatures above the lower critical solution
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temperature (LCST) at 32°C the NIPAAm materials are more wettable (Sun and Qing,

2011).
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Figure 5.3 (B) — Average amine spectras on the gradient surfaces measured with XPS. Red shows the highest
amine intensities, and blue shows the lowest amine intensities. Left graph is a two dimentional heat plot,
and the right graph shows a three dimentional perspective on the graph.

To characterise the surface chemistry on the NIPAAm gradient XPS was performed.
The XPS data in Figure 5.3 (B) shows amine heat maps across the gradient because the
principle reason for using NIPAAm polymer was for the amine content. The relative ‘heat’
in Figure 3.5 (B) is a average amine peak height in each of the 25 quantiles. An amine
signal was produced in all areas of the gradient which indicates that NIPAAm polymer was
grafted to the polymer initiator across the whole surface in low and high densities. The
signal intensity was highest in the areas of the gradient where the surface was most
exposed to initiator solution longest and polymer solution longest in the production
process. Which confirms the hypothesis the highest amine content would be in that area
with the highest initiator density and highest polymer density. In the intermediate region
of the NIPAAm gradient the signal had intermediate signal intensity. The reduction was
caused by that area of the gradient having intermediate exposure to the initiator and

NIPAAmM solution during the production of the gradients. The lowest intensity amine
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signals were in the areas of the gradient where exposure to the initiator and NIPAAm
solution for a lower time during production. By decreasing the initiator density and
decreasing the NIPAAm polymer length both caused lowest intensity of amine signals on
the XPS spectra. The amine spectras analysed with XPS show that NIPPAm was
successfully polymerized to varying degrees across the gradient through the production

method of different exposures to reaction solutions by filling.

5.2.2 Neural Stem Cells

The presence of neural stem cells on the gradient was proved using a range of
phenotyptic and morphological markers such as immunogenic antibody markers Sox2
(Sigma), nestin (BD sciences), as well as counting size and number of neurospheres.
Dissociated single cells were initially seeded on to the gradients (Figure 2.6), so the
presence of neurospheres on the NIPAAm gradients indicated the surface was direct the
cells to form neurospheres. What makes this cell response more striking was that the
work was done with a neural differentiation media free of stem cell mitogens such as EGF
or bFGF.

The adhesion of the neurospheres was sufficiently strong to stay adhered through
the fixing and immunocytochemistry protocols. The highest abundance of the spheres
were found in areas with low density and intermediate polymer length (Figure 5.4).
Neurosphere numbers in this area were almost doubled compared to other higher surface
energy regions on the surface. The neurosphere numbers were lowest in regions with the
lowest and highest surface energies.

Neurosphere numbers were more responsive to polymer density than to polymer

length (Figure 5.4). The neurospheres were observed with a highest frequency in regions
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of the gradient with low density and intermediate polymer length. A higher average of
neurospheres (11.2 neurospheres per quantile) was in the low density areas, compared to
other regions on the gradient. The average was at 6.3 neurospheres per quantile in the
areas with the high density, so a decrease of neurosphere number by nearly 40%. This
shows that there was a sweet-spot for growing neurospheres on these surfaces where

there was a dual chemical gradient.
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Figure 5.4 — Neurosphere number data on gradient surfaces. The right-hand graph shows a bubble plot
where the bubble size and colour is linked to neurosphere numbers and the non-gridline lines show relative
‘heat’. The gridlines show the counting squares The left-hand graph is a statistical plot. Where the error bars
show standard error of the mean, and the column height corresponds to average neurosphere numbers
from the sumised counting squares. The axis on both graphs consists of a red triangle which is the polymer
length axis, and a blue triangle which is the polymer initiator density axis.
1 way ANOVA: @ Significantly Higher Than G1 @ Significantly Higher Than G2

= Significantly Higher Than G3 8= Significantly Higher Than G4
2 way ANOVA: =The Means of Polymer Lengths are Significantly Different

=The Means of Polymer Density are Significantly Different

Neurosphere numbers decreased at the extreme ends of polymer length where
they were shortest and longest. When the neurosphere numbers were small the numbers
were also regular with an average of 3.37 neurospheres per quantile with the long
polymers, and 3.9 neurospheres per quantile with lowest initiator density. Decreasing the
density increased the neurosphere numbers on the NIPAAm amine gradients. The reason
that the neurosphere numbers were lowest at the edges was probably due to limitations

of the cell culturing rather than the surface. That could be because of
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poly(dimethylsiloxane) (PDMS) still stuck to the surfaces or excess magic pap pen. Across
the whole gradient surface the average number of neurospheres would be around 5.7
neurospheres per quantile, however the average total number of neurospheres across the
surface would average total would be around 143.51 neurospheres. 143.51 neurospheres
should be considered quite a high number because there were no direct additions of
mitogens such as bFGF and it was a two dimensional surface which has a lower surface
area compared to the free floating culture systems neurospheres have been culture in.

In the past hydrophobic surfaces in serum free media have been recognised to
cause neurosphere formation (Heo et al., 2013). Across the NIPAAm gradient there were
different wettabilities, but the whole surface was hydrophobic. The largest decrease in
hydrophobicity was from 106° to 92° which is not a wide range compared to the range of
wetabilities of the silane surfaces used in chapter one. On the NIPAAm gradient surfaces
there was not a strong link between the hydrophobicity and neurosphere formation. In
the most hydrophobic and hydrophilic areas of the NIPAAm gradients the numbers of
neurospheres were quite similar. Generally the majority of neurospheres were found in
the areas with the intermediate wettabilities.

Amine density through the control of polymer length and density is key to
neurosphere formation, but amine density requirement is low because high amine
densities are more likely to cause neural stem cell differentiation (Lamour et al., 2010).
This means there is an ideal surface energy to confine neural stem cells which has
separation applications. Also there is an optimum surface energy to culture neurospheres
in mitogen free conditions which will save money in terms of using recombinant proteins
wastefully in cell culture protocols. The sharpest transition in neurosphere number is seen
at the two low polymer densities areas on the gradient. The highest neurosphere average

was lowest average in the lowest polymer density area.
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The neurospheres were in their highest numbers in the areas of the gradient with
low energy intermediate polymer lengths. Compared to both the glia cells found to be
most abundant at the short polymer lengths and high initiator density areas of the
gradient, and the differentiated neurons which were found in highest abundance at the
high amine density areas of the gradient.

Quality control and statistical testing was performed on the neurosphere counting
data collected from the NIPAAm gradient surfaces. QQ plots were made to compare the
data collected from the experiment to a normal distribution (Appendix 8). Data collected
from the experiments (the blue circles) were re-plotted by a cumulative distribution
function of the random variable, and the red line is a reference line. The QQ plots for
neurosphere data collected from the middle of the gradient tended to have a mildly
negative skew. Data from the lowest initiator density parts of the gradient followed a
more normal distribution as shown in the QQ plots. A little bit of wide tailed data was
observed in two parts of the gradient following no pattern. Most of the negatively skewed
data was judged to be mildly skew except for (3, 7, 8, 11, 12, 15 quantiles) which were
judged to have a negative skew mainly occurring at the high density parts of the gradient.
To cope with the mild negative skew the data was transformed following a log,
transformation.

With the aim of maximizing the power of the ANOVA statistical tests the numbers
of groups were cut from 25 sampling squares down to 4. The four squares represented the
more extreme ends with the purpose of not including transition data which leads to
instability in the statistical model. QQ plots were produced for each set of combined
neurosphere data groups, and the graphs revealed very negative skews (Appendix 8). To
cope with very negative skews in the combined data sets natural logarithmic

transformations were performed using an online calculator
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(http://vassarstats.net/trans1.htML) to make the data follow a normal distribution which
is an important prerequisite for statistical testing (Howell, 2012). To verify that the
distribution of all the data sets used have an equal distribution to test the distributions of
data were equal which is another prerequisite for statistical comparisons a Levene’s test
was performed in Originlab. Levene’s test showed that the distribution between the 25
sampling squares was not significantly different after the data transformation.

One-way and two-way ANOVA was performed on the Jlog, transformed
neurosphere data which followed a normal distribution and there was equal variance
between the groups. The graph in Figure 5.4 shows there was no significant difference
between the groups in both one and two way ANOVA. The reason that no significant
differences were detected was because the hottest areas with the highest number of
neurospheres were omitted from statistical testing because these were transition areas
which are problematic for the ANOVA model because a key assumption is that the groups
are independent.

At the interface where spheres attached to the surface chain migration of mature
neurons out of the sphere was evident. Chain migration is a good indication of
differentiation capacity because migration of the precursors is a key stage in stage in
neural development (Jacques et al., 1998). Initially migrating cells stained positive for anti-
Tujl which immunologically demonstrates that these cells had differentiated prior to
migration. The process leading out of the spheres tended to be quite fine in the low
surface energy areas compared to the thick trunks seen in with the less abundant spheres
in the high surface energy areas as shown in Figure 5.4. Typically the neurons had
migrated out on a bed of glia, however due to the dissection originating from the cortex of
fairly well developed embryos (E16) the proportion of glia cells was lower. The gradients

demonstrated sufficient bio-competence to allow independent neural chain migration.
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This work shows that the neurospheres can be produced in vitro using a surface in a

serum-rich differentiation cell culture media. This means that surface effects are just as

important as media adjuncts to control neural differentiation.

Figure 5.5 — Expression of nestin (red) and sox2 (green) which are immunogenic markers of neural stem cells
and progenitors around the gradient. The blue dots show DAPI staining of DNA in the cell nucleus, and the
white scale bar represents 100 um. The pictures were collected after 4 days of cell culture. Nestin and sox2
staining can be found throughout the gradient, but the most abundant staining was found in the areas with
lower initiator density.

Further understanding of neural stem cell purification in reference to the different
surface conditions presented by the gradient was gained with immunocytochemistry. Cells
were stained against anti-nestin, Sox2 and DAPI. The nestin marker shows an intermediate
filament within the cell’s cytoskelton which is found in neural stem cells and neural
progenitors (Dahlstrand et al., 1992). Sox2 is a transcription factor located in the
perinuclear region of neural stem cells and progenitors (Graham et al., 2003). DAPI (4',6-
diamidino-2-phenylindol) is florescent stain which binds to A-T in DNA to visualize the

cell’s nucleus. As expected neurospheres showed strong expression for nestin and Sox2.
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Large stitched images were taken with a Nikon Ti epi-fluoresce microscope (phase
contrast lens 20X) where the DAPI staining shows that the neurospheres on the gradients
were not hollow (Moeller and Dimitrijevich, 2004). Size is probably a key factor because of
mass transfer and hollowing would be expected when spheres exceed 200 um, and the
neurospheres in these experiments were rarely exceeding 15 Um diameter. The nestin
expressing cells were seen towards the inner perimeter of the neurospheres. Processes
tended to runin a perpendicular direction with cells in the neurosphere. When there were
large irregular multi-cellular assemblies the processes of nestin expressing cells tended to
be randomly orientated. The Sox2 positive cells mostly co-expressed the nestin marker.
Another interesting feature of the Sox2 expressing cells was that cells expressing just
nestin could be seen in the centre of the neurospheres (Figure 5.5). An interpretation is

that the progenitors and neural stem cells reside in different parts in small neurospheres.

Figure 5.6 - Time lapse imaging taken from the gradients taken over four days showing the attachment in
the areas of the gradient where neurospheres formed. Scale bar is 100 um.

Time-lapse microscopy was performed on CM Technologies’ CelllQ phase contrast
live cell imager by David Smith at Loughborough University. Neurosphere formation was
shown to be a process driven by thermodynamics because cell aggregation was the first
part of the process which is indiscriminate with cells minimizing their contact to the
surface. The neurospheres attachment was evident, because small processes extend from
the sphere which is considered part of colonization. At the same time the neurosphere
was increasing in size due to proliferation (Figure 5.6). With confocal microscopy cell

sorting was evident within the sphere which probably happens at this stage because the

186



Chapter V - A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell Populations

structure was getting bigger. Large irregular multi-cellular assemblies were formed
through cells forming into neurospheres. Next a few neurospheres aggregated together at
around 5 hours which has been previously described in (Sargent et al., 2009) (Singec et al.,
2006b). In the next stage other sparsely situated neurospheres move towards the
aggregate (9 hours). With the merging of new spheres the merged object grew bigger. The
neurospheres migration towards the assembly is not random it was directed where there
was a strong attraction. Further aggregate was observed, and at 11 hours chain migration
happens with the cells colonizing more of the surface. The chain migration was happening
simultaneously with the cell aggregates becoming denser due to proliferation. Next the
cells that migrated away migrate back to the assembly. The assembly itself begins to
migrate towards higher energy parts of the gradient. The NIPAAm gradient was able to
cause a range of responses in different areas of gradient, and provides extra control over

neural stem cell in vitro using surfaces only.

5.2.3 Mature Glial Response to the Surface

The number of neurons to glia vary depending on the location in the brain
(Dombrowski et al., 2001). The proportion of glia to neurons was lower in these
experiments were lower compared to previous experiments in chapter three. The work in
chapter three the neural tissue was dissected from E12 VM sprague-dawley rats, and in
the work described here the tissue was dissected from E16 cortex in the same type of rat.
The cortical glia were mainly found in areas of longer polymer length (Figure 5.7). Single
glial cells were always co-localized in the same areas with neurons. In the areas with
shorter NIPAAm polymer lengths less single dispersed glia cells were observed. The
gradients were seeded with single cells and mature glia were present in some parts of the

gradient at higher abundance compared to other parts of the surface. Glia differentiation
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was controlled by the NIPAAm gradient through sorting to specific parts of the gradient.
The glia were present in a mature monolayer morphology at the high energy region. In the
low energy region of the amine density gradient the glia were more spindly which
indicates that the glia are in a different stage of the lineage. In the area of the gradient
with the highest surface energy (highest initiator density and NIPAAm polymers brushes
grown for the longest time) the highest number of glia were found, and these numbering
an average of 400-500 glia per quantile which is 3x higher than the region with the lowest
number of glia. The Atom transfer radical polymerization (ATRP) density and therefore
polymer brush density had little effect on glia numbers across the relevent quantiles
(0-100).

Glia numbers were highest (152 glia per quantile) in the areas of the gradient with
high density of NIPAAm polymer brushes with short lengths. Across The whole NIPAAm
gradient glia were present in high numbers (126.6 glia average per quantile) whenever the
NIPAAmM polymers were short, and that was mostly independent (ranging from 158 to 150
glia average) of polymer initiator density. With the glia similar cell culture type edge
effects occurred where at the edges of the material lower cell numbers were present
where the majority of cells were further towards the central areas of the surface. If the
edges and outer borders of the material, then the lowest average glia numbers were in
the areas of the NIPAAm gradient with a high density of initiator and long NIPAAmM
polymers (105 glia average). For cell counting the NIPAAm gradients were split into 25
squares, if an average was taken then there were an average of 96.9 average glia per
guantile in any of the 25 squares. Across the whole NIPAAm surfaces the average total of
glia cells was 2424.31 which was lower by a more than half the average total neuron
numbers. The glia cells were in highest numbers in the areas of the gradient with high

polymer density and shortest polymer lengths.
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Figure 5.7 — Glia cell number data across gradient surfaces. The right-hand graph shows a bubble plot where
the bubble size and colour is linked to glia cell numbers and the non-gridline lines show relative ‘heat’. The
gridlines show the counting squares The left-hand graph is a statistical plot. Where the error bars show
standard error of the mean, and the column height corresponds to average glia cell numbers from the
sumised counting squares. The axis on both graphs consists of a red triangle which is the polymer length
axis, and a blue triangle which is the polymer initiator density axis.
1 way ANOVA: @ Significantly Higher Than G1 @ Significantly Higher Than G2

= Significantly Higher Than G3 8= Significantly Higher Than G4
2 way ANOVA: =The Means of Polymer Lengths are Significantly Different

=The Means of Polymer Density are Significantly Different

Roach et al 2014 suggested glia were found in their highest numbers in mid-range
wettability on gradients moving from ~80 to ~ 60° wettability. The NIPAAm gradients were
more hydrophobic with an average wettability of 93°. The glia were generally found in
higher abundance in the less hydrophobic regions on the NIPAAm gradient.

Wettability altered over the gradient as shown in Figure 5.3 (A) the most
hydrophobic region was with the high initiator density, and the hydrophilic areas
presented the highest number of glia. Time lapse microscopy showed (Figure 5.10) that
the high areas of highest cell density were produced through a combination of
proliferation at 0-48 hours, and cell migration from 48-96 hours. The number of glia was
linked to the number of neurons; with about half as many glia to neurons.

Quality control and statistical testing was performed on the glia cell counting data

collected from the NIPAAm gradient surfaces. QQ plots were made to compare the data
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collected from the experiment to a normal distribution, and informs on any potential
needs of data transformation (Appendix 9). Data collected was re-plotted the blue circles
show a cumulative distribution function of the random variable, and the red line is a
normal distribution reference line. The QQ plots for glia data collected from the middle of
the gradient tended to have a normal distribution, some of the data displayed a mild
negative skew. Data from the lowest initiator density parts of the gradient had a slight
negative skew in the distribution as shown in the QQ plots. On the whole most of the glia
counting data showed a fairly normal distributions, arguably with a slightly negative skew.
The most negatively skewed data was found in (4, 5, 16, 21).

QQ plots were produced for each set of combined glia cell count data groups, and
the graphs revealed slightly negative skews (Appendix 9). To cope with slightly negative
skews in the combined data sets square root transformations were performed using an
online calculator (http://vassarstats.net/trans1.htML) to make the data follow a normal
distribution which is an important prerequisite for statistical testing (Howell, 2012). To
verify that the distribution of all the data sets used have an equal distribution to test the
distributions of data were equal which is another prerequisite for statistical comparisons a
Levene’s test was performed in originlab. Levene’s test showed that the distribution
between the 25 sampling squares was not significantly different after the data
transformation. That meant the data for glia cell count was appropriate for ANOVA
statistical testing the variance between groups are tested.

One-way ANOVA and two-way ANOVA with Tukey’s post-hoc testing was
performed on the square root transformed glia cell count data. What the graph shows in
Figure 5.7 was that there was significant difference between the glia groups in both one
way ANOVA (P= 0.04206 & F= 2.81392). The Tukey’s post-hoc testing from the one way

ANOVA showed that when the groups were compared that there were no significant
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differences. The two way ANOVA statistical tests provided further testing of the role the
polymer lengths and initiator density and their impact on glia numbers. The population
means for polymer initiator density were significantly different (P=0.04146 & F=4.24495).
The population means for polymer length were not significantly different. The interaction
between polymer initiator density and polymer length were not significant.

Compared to work in chapter 3 when neural progenitors were derived from rat
E12 ventral mesencephalon tissue, the proportion of glia was lower. The decrease in the
glia is explained in Noctor 2007, and their review shows that the number of glia change
depending on time in development and place/structure. Epi-fluorescence microscopy
highlighted the glia GFAP marker could be seen within neurospheres, but was difficult to
assign the stain to individual cells within the spheroid because of high cell density and
morphological indistinction.

Immunocytochemistry showed the glia around the edge of neurospheres have
quite an elongated morphology with a distinct pole pointing away from the neurosphere
(Figure 5.7). The neurosphere was highly immunogenic for the glial marker, but the
morphologies of the individual glia in this area were challenging to ascertain. Individual
glia cells were counted throughout the surfaces and another observation was that the
morphologies of the glia vary depending on the gradient as shown in Figure 5.7. In areas
where the polymer lengths are short the glia tend to have a more rounded morphology
where processes leading out from the cells tend to be short and the marker was localized
round the nucleus (important to stress that it was not co-localized with the nucleus). Some
astrocytes with the elongated processes more characteristic of the cortex can be seen in
much lower numbers. Those type of glia tend to be near neurons with long leading
processes. The glia cells in isolation without the neurons tended to have a more spread

morphology without clear poles. In areas with longer polymer the glia have a bipolar
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morphology. The numbers of mature glia could be controlled with the surface and also the

stage of development as we will show with the neurosphere data.

5.2.4 Mature Neurons

Tujl is a microtubule protein found in mature neurons, cells positively stained for
Tujl were judged to be mature neurons. Neurospheres are composed of neural stem cells
and progenitors, but contain a small proportion of mature neurons and glia. At the edge of
the neurospheres neurons are migrating away in a process called chain migration as
explained earlier. These neurons display clearer processes as the cells migrate away from
the spheroid. The individual neurons situated near the neurospheres will tend to have
long processes, and cells between spheroids have processes which are more curved as the
neurons are searching out new connections (Lois, 1996). Clear differentiated neurons are
found at the surface interface which shows the importance of surface. Neurons tended to
have a long process with numerous finer filapodia, which was expected in cortical neurons
(Figure 5.8). In the areas of the gradient which had a strong effect on neural
differentiation mature neuron morphologies are clearer. Some of the neurons were
aggregated together at low amine densities where the cell somas are close, and the
primary process extend outwards. These aggregates were small and flat, so they were
unlikely to be neurospheres which are three dimentional. When these aggregates are
close neural processes join the aggregates. The single neurons in these areas have
different morphologies with more pronounced processes. Neurons that have migrated
long distances and that are isolated tend to have one distinct process, whereas neurons
close to neurospheres have more processes and finer processes. This was textbook

cortical neuron behaviour where the cells are forming new connections.
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Figure 5.8 — Immunocytochemistry shows the localazation of tujl (green) and glia (red) phenotypes along
the orthoganoal NIPAAm gradient. The blue dots show DAPI staining of genetic material in the cell nucleus,
and the white scale bar represents 100 um. The pictures were collected after 4 days of cell culture. Tujl and
GFAP posative cells were observed in all areas of the gradient. The highest density areas show the tujl
positive cells in the differentiated monolayer morphology. Intermediate density shows neurosphere
attachment. The low density areas caused the localization of tujl positive cells to neurospheres.

Cells on the gradient surfaces were fixed, stained and counted to assess
distributions of various neural phenotypes after 4 days of cell culture. Neurons (Figure 5.9)
differentiated cortical neurons were found all over the coverslip in different numbers.
Highlighting poly NIPAAm is perfectly capable of culturing primary neural cell in vitro. In
the parts of the gradient with a low density of polymer differentiated neuron numbers are
low averaging 148 neurons per quantile. In the areas of the gradient with an intermediate
to low density the average neuron number was 202 neurons per quantile. The areas of the
gradient which had an intermediate/high of polymer had a lower average of 206 neurons
per quantile. Similar to the intermediate/high density areas more neurons are found in
areas with a long NIPAAm polymers, and lower in the areas with shorter NIPAAm

polymers. The embryonic cortical rat neurons which were used in these experiments were
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highly responsive to NIPAAm polymer length. In general higher numbers of differentiated
neurons were found in areas with longer polymers. The tissue showed the clearest
differentiation into mature neurons in the area with the longest polymers and highest

polymer density.
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Figure 5.9 — Differentiated neuron cell number data on the NIPAAm gradient. The right-hand graph shows a
bubble plot where the bubble size and colour is linked to differentiated neuron cell numbers and the non-
gridline lines show relative ‘heat’. The gridlines show the counting squares The left-hand graph is a statistical
plot. Where the error bars show standard error of the mean, and the column height corresponds to average
differentiated neuron cell numbers from the sumised counting squares. The axis on both graphs consists of a
red triangle which is the polymer length axis, and a blue triangle which is the polymer initiator density axis.
1 way ANOVA: @ Significantly Higher Than G1 & Significantly Higher Than G2

= Significantly Higher Than G3 <@ Significantly Higher Than G4
2 way ANOVA: =The Means of Polymer Lengths are Significantly Different

= The Means of Polymer Density are Significantly Different

The highest numbers of differentiated neurons were in the areas of the gradient
with long polymers and high initiator density where amine density would have been
highest. The highest average in the counting squares was 312 in a high amine density area
of the gradient. Low numbers of differentiated neurons were in the boarder and edge
areas of the gradient which was common for neurospheres and glia too. Generally mature
differentiated neurons responded more to polymer length than polymer initiator density
with more neurons found in the parts of the gradients with long polymers. The average

number of neurons per square would be 179.4 on the NIPAAm gradient. The sum total
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average number of differentiated neurons over the whole surface was 4486 neurons. At
the low initiator density areas neuron numbers increased with decreasing polymer length.
Such responses were not repeated elsewhere. Compared to glia neurons enriched at far
higher numbers in some of counting squares on the gradient. In the high amine density
area of the gradient there were double the number of differentiated neurons, however in
the long polymer low initiator density areas there were only 55% more neurons compared
to glia. Across the low initiator density areas not taking into account polymer lengths the
neurons very much outnumber the glia, which was not evident at high initiator densities.

The three cell populations (neural stem cells, glia and neurons) which were
investigated in terms of cell response showed preferences for different areas of the amine
density gradient. The differentiated neurons were found in highest abundance at the high
amine density areas of the gradient with long polymers and high initiator densities.
Compared to both the neurospheres found to be most abundant at the low energy
intermediate polymer lengths, and the glia cells were in their highest numbers in the areas
of the gradient with high initiator density and short polymers.

Quality control and statistical testing was performed to judge the difference in
neural differentiation on different parts of the NIPAAm gradient surfaces. QQ plots were
made to compare the data collected from the experiment to a normal distribution, and
informs on any potential needs of data transformation (Appendix 10). Data collected was
re-plotted the blue circles show a cumulative distribution function of the random variable,
and the red line is a normal distribution reference line. The QQ plots for differentiated
neuron cell count data collected from the middle of the gradient tended to have a normal
distribution, some of the data displayed a mild negative skew. Data from the lowest
initiator density parts of the gradient had a negative skews ranging from very skewed to

slightly skewed in the distribution as shown in the QQ plots. The most negatively skewed
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differentiated neuron cell data was found in squares (1, 3, 7 20, 22). Different from the
neurospheres and glia was that the neuron cell counts had some wide tail distributions.

With the aim of maximizing the power of the ANOVA statistical tests the numbers
of groups were cut from 25 sampling squares down to 4. The four squares represented the
more extreme ends with the purpose of not including transition data which leads to
instability in the model. QQ plots were produced for each set of combined neuron cell
count data groups, and the graphs revealed very negative skews (Appendix 10). To cope
with very negative skews in the combined data sets natural logarithmic transformations
were performed using an online calculator found at (http://vassarstats.net/trans1.htML)
to make the data follow a normal distribution which is an important prerequisite for
statistical testing (Howell, 2012). To verify that the distribution of all the data sets used
have an equal distribution to test the distributions of data were equal which is another
prerequisite for statistical comparisons a Levene’s test was performed in originlab.
Levene’s test showed that the distribution between the 25 sampling squares was not
significantly different after the data transformation. That meant the data for
differentiated neuron cell count was appropriate for ANOVA statistical testing the variance
between groups are tested to judge the impact of surfaces on differentiated neurons.

One way ANOVA with Tukey’s post-hoc testing was performed on the square root
transformed differentiated neuron cell count data. What the graph shows in Figure 5.9
was that there was significant difference between the glia groups in both one way ANOVA
(P=0.00202 & F= 5.17182). The Tukey’s post-hoc testing from the one way ANOVA
showed that there were significant differences between G4 with G1 and G4 and G2. The
two way ANOVA statistical tests provided further testing of the role the polymer lengths
and initiator density and their impact on differentiated neuron numbers. The population

means for polymer initiator density were significantly different (P= 0.00134 &
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F=10.70647). The population means for polymer length were not significantly different.
The interaction between polymer initiator density and polymer length were not
significant.

Neural migration is one factor which contributed to the high numbers which was
shown with time-lapse microscopy (Figure 5.10). Therefore cells differentiated in one
area, but migrate and reside in another part of the gradient. The gradient has two effects
on cells causing differentiation and chemotactic migration, and these points further
enhance the application of the NIPAAm polymer gradients for the separation of stem cells
and rare cell populations.

Neural differentiation was also monitored with time-lapse microscopy. The cell
response to certain parts of the gradient had a resemblance to neurons cultured on
laminin coated surfaces as shown in Figure 3.4 in terms of morphology. A strong feature is
that the neurons are highly elongated and the cells are in a low density monolayer. This
cell response was captured with time lapse microscopy low density long polymer area of
the gradient. The cell adhesion process was rapid with cells becoming rounded and
attaching after 4 hours. Some cells migrated towards other cells to form multicellular
aggregates, and longer processes start to extend out from the agregates at 8.25 hours.
Cells proliferate and the aggregates were completely flat after 22.5 hours. The cells
individually are spreading out more and migrating towards other, and some cells can be
seen to rapidly migrate from one collection of cells to another. Neurons, even once
differentiated from stem cells still divide (in a limited capacity) because the cell numbers
increase. At about 60 hours the surface is nearly saturated with cells, and cell migration is
common. Towards the end of the 96 hours the cells migrated closer together which
creates a few gaps making a part of the surface visible again. The key stages of the cell

response are attachment and proliferation.
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Day 0 Day 1 Day 2 Day 3 Day 4

Figure 5.10 — Time lapse imaging taken from the gradients taken over four days showing the attachment in
the areas of the gradient where neurons proliferated (scale bar is 100 um).

The highest number of the neurons was observed on the highest energy part of the
NIPAAmM gradient the cell response to this area was recorded with timelapse microscopy.
In the high surface energy part of the gradient attachment starts about 3.5 hours after the
cells were seeded on to the gradient. With the clumps processes elongate out after 8.25
hours and were extended at the 13.5 hours mark. After 27.5 hours lots of flattening has
occurred and extensive proliferation can be seen. About two thirds of the surface is
covered with cells and next more cells migrate into the area. At about 3.5 days the surface
is fully saturated with cells, in a highly dense monolayer taking on the morphology of a cell
sheet. The cell response to the high surface energy area on the gradient occurs in three

stages: attachment, proliferation and long range migration to the high energy area.

5.2.5 Controlling Neurosphere Size

The differentiation of neural stem cells was controllable with the gradient, raising
the possibility of controlling the neural stem cell micro-environment with the surface. The
orthogonal gradient was designed to present a continuous range of amine densities to
control the rates, volumes and types of proteins to adsorb. The continuous nature of the
surface was also designed to examine the effects across many multiple combinations of
the chemical surface in a high throughput assessment of cell response. The samples were

fixed at the four day time time-point and bright-field images of the whole surface were

198



Chapter V - A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell Populations

collected. The spheres imaged had a fairly robust attachment to the surface to remain

attached through the fixing process.

Figure 5.11 — Neurosphere size on the NIPAAm gradient. The error bars show SEM. A) Zoomed out verision
of the graph. B) Zoomed in verision of the graph.

Figure 5.11 provides evidence that neurosphere size was very responsive to the
orthogonal NIPAAm gradient surface. In the high polymer density regions of the surface
neurospheres were where small (around 80000 um) regardless of whether the polymer
was long or short in that area. In all the areas of the gradient with short polymers the size
of neurosphere was small around the 8000 um. Figure 5.11 proves that neurosphere size
is controllable with polymer length, and this type of observation would have been
impossible without the dual orthogonal gradient where we could observe gradual changes
in cell response. When the polymer initiator density was lowest the neurospheres size
increased with polymer length. In the parts of the gradient within the areas with
intermediate polymer density the effect of polymer length on neurosphere size becomes
clearer. With the shorter the neurospheres are smallest (6000 um) when its an
intermediate polymer length the neurosphere area increases to 10000 pm. The
combination of intermediate polymer density and long polymers the neurospheres the

spheres had an area of 12000 um. The increasing polymer length would increase the size
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of spheres in the areas with intermediate density. Control of the neural cell niche was
evident in these areas of the gradient (Figure 5.2). The clearest effects of the gradient
surface can be seen in the areas of the gradient with second lowest polymer density
because the relationship between neurosphere size and polymer length is linear. In terms
of process control linear parameters are extremely desirable because results are easier to
predict. In lower polymer initiator regions of the gradient the sphere size at the short
polymer is at 8000 um. The area of the neurospheres increases linearly to 14000 um, and
the linear trend in this area has an R?=0.9. In the areas of the gradient with the lowest
polymer density the increase in neurosphere size was starker. With the short polymer the
spheres have an average size of just under 8000 um. In the areas of lowest polymer
density and intermediate NIPAAm polymer length the neurosphere area increased to
11000 um, and at longest polymer length the sphere size increased to just under
14000 um. Changes to neurosphere size were controllable using the NIPAAm gradient, and
the control was demonstrated to happen simultaneously. Previously the best efforts have

been capable of producing homogeneous populations (Figure 5.12).
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Figure 5.12 - Picturés fl;om the low initiator density areas of the grad ent. By incfeasing the polymer lengths
the neurospheres got bigger (scale bar is 100 um).
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5.3 Discussion

The aim of the experiments was to investigate cell response using a
high-throughput approach. The gradient surface allowed controlled differentiation of
neural stem cells and progenitors in a simple way which is flexible enough to engineer into
other techniques for widespread adoption (Figure 5.13). Currently differentiation
protocols employ expensive recombinant proteins which were discovered in such
development investigations. Using cocktails of relevant proteins a wide variety of tissues
can be produced such as: blood from pluripotent stem cells (Samuel et al., 2013), bone
from pluripotent stem cells (Schuldiner et al., 2000), and liver from embryonic stem cells
(Funakoshi et al., 2011) to name a few. The tissue produced from these protocols can
provide accurate functional tissue from potentially infinitely expandable cell sources (Kriks
etal., 2011a) (Oldershaw et al., 2010). These two protocols use over nine different sources
of both purified and recombinant protein reagents which creates problems. Financially
these protocols are expensive with an inelastic reagent supplies making it difficult to move
prices down. Significant simplification of protocols is required because they are out of
reach for a lot of scientists due to expense and complexity. Also, cell therapies based on
the highlighted techniques would be extremely challenging to translate because some of
these reagents might not be produced in GMP conditions (Felicia M. Rosenthal, 2013).
Other problems include:

° variations in cell responses which are difficult to synchronise in culture.

° additions of developmental proteins to cell culture media means steady-state levels
arise meaning natural gradient dynamics are lost (Saha and Schaffer, 2006).

° a lot of the proteins in embryonic development have overlapping roles, for example
the WNTs (Wingless patterning protein) causes differentiation (Davidson et al.,

2012), prevents stem cell differentiation (Berge et al., 2011), and the response to

201



Chapter V - A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell Populations

WNT signalling varies depending on the stage of the cell cycle (Niehrs and Acebron,
2012). Adding further complexeity oligodendrogliogenic and neurogenic adult
subependymal zone neural stem cells responded differently to WNT (Ortega et al.,
2013). Neurogenic adult subependymal zone neural stem cells generate
oligodendroglia or neurons in response to WNT, but WNT caused

oligodendrogliogenesis in oligodendrogliogenic stem cells with no change in linage.

The addition of these factors will lead to mixed populations, so a more efficient
process would eliminate many of these factors and purify populations. Here we adopted
an alternative strategy to using expensive reagents to control differentiation in cell
culture, and that was to use a dynamic surface. The design philosophy comes from
Whitesides team which produced a surface gradient which could make ‘water flow uphill’
(Chaudhury and Whitesides, 1992). Whitesides said in a recent commentary, new devices
need to solve real problems in the simplest fashion (Whitesides, 2013). The idea was to
evaluate the use of linear gradient surfaces to better control native/intrinsic cell
behaviours to produce the desired response. Local paracrine signalling influences cell
response depending on the cell density (Bauwens et al., 2011) which was type of factor

which surfaces were effective at controlling.
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Figure 5.13 — Phase-contrast image (10X) of fixed NIPAAm gradient after four days of cell culture. Large pane
is the whole surface. The samller panes are zoomed-in images from around the gradient (white scale bars
are 1000 um).

5.3.1 Sorting and Spheroids

Cells have a natural ability to sort in terms of self organisation in tissue
development creating the hierarchy of tissues with layers of different cell types
segregated to different areas to fulfil specific needs. The neurospheres on the NIPAAm
gradient rarely exceeded 15um diameter and in BFGF containing media. Confocal
microscopy showed cells expressing nestin were seen towards the inner perimeter of the
neurospheres (Figure 5.2). Nestin fibril processes tended to run in a perpendicular
direction with cells in the neurosphere. When there were far larger irregular multi-cellular
assemblies which were composed of multiple neurospheres. Here nestin expressing cells
tended to be randomly orientated. If the experiment had gone on longer cells would have
probably sorted in the mass based on Steinberg’s differential adhesion hypothesis. The

Sox2 positive cells mostly co-expressed the nestin marker. Another interesting feature of
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the Sox2 expressing cells was that cells expressing just nestin could be seen in the centre
of the neurospheres. A possible explanation is that the progenitors and neural stem cells
reside in different parts in small neurospheres as the structuring of the neurospheres was
controllable, so was the size. In the areas of the gradient with a low initiator density, the
size of neurospheres was responsive to polymer length. The clearest effects of the
gradient surface can be seen in the areas of the gradient with second lowest polymer
density because the relationship between neurosphere size and polymer length was
linear. The neurospheres increased in size with increasing polymer length. In terms of
process control linear parameters are extremely desirable because results are easier to
predict. In this cross-section of the gradient the sphere size at the short polymer is at
8000 um. The area of the neurospheres increases linearly to 14000 um. With the short
polymer the spheres have an average size of just under 8000 um. In the areas of lowest
polymer density and intermediate NIPAAm polymer length the neurosphere area
increased to 11000 um, and at longest polymer length the sphere size increased to just
under 14000 pum.

Previously it has been shown that spheroid formation and size can be controlled
with hydrodynamics by using a rotary shaker. At low speeds the spheroids would form
faster and have a uniform size distribution (Kinney et al., 2012). Similar approaches have
been used with static matrigel islands where the colony size would affect the
differentiation of stem cells. Spheroids are therefore a powerful because they are
controllable, and differentiation can be achieved with minimum input. This is the most
overlooked factor when it comes to scale-up because not enough work goes into reducing
complexity (Whitesides, 2013). By reducing amine density can form and control the

neurospheres.

204



Chapter V - A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell Populations

Others using a more interventionist approach have controlled spheroid size in
special moulds, but the strict simultaneous size control of aggregates shown on the
NIPAAm gradients has not been reported before. Using hydrophobic PDMS funnel moulds
aggregate size was controlled (Bratt-Leal et al., 2011). Fluid shear has also been shown to
homogenize the size of pluripotent stem cell aggregates, which has led to better protocols
to scale-up stem cell expansion (Kinney et al., 2012). With regards to neurospheres,
alternative methods have been developed to enhance clonality of neurospheres.
Neuroscientists perceive the lack of neurosphere clonality as an issue, and that is where
one neural stem cell generates a neurosphere. When studied it was not always the case,
because in typical non-adherent culture the neurospheres can merge which affects
clonality (Singec et al., 2006b), and neurospheres did not necessarily contain neural stem
cells but the biochemical environment can generate them (Clarke et al., 2000b).

To improve clonality, microwells and encapsulation strategies have been
developed (Cordey et al., 2008b, Coles-Takabe et al., 2008). The microwells improved the
clonality of the neurospheres through restriction, but not the size distribution. Agarose
encapsulation worked as a method to maintain clonality of neurospheres, and low cell
densities could be used in agarose encapsulations (Coles-Takabe et al., 2008). Controlling
the densities means that clonality of neurospheres could be controlled better with
prevention of chimeric spheres. The sizes of the spheres reported were also quite variable
ranging from 50 to 200 um with the encapsulation technique, which is a surprising result
from clonal neurospheres which would be expected to have more uniform size
distribution. Time-lapse microscopy shows that a key mechanism for the formation of the
neurospheres on the NIPAAm surface energy gradients was that the cells in the low
density areas would first aggregate together. The phenomena of neurosphere merging

and thus effecting clonality were also witnessed with time lapse microscopy. Here we do
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question the importance of clonality because neurosphere merging was not part of a
random process? In the videos in the low density area there was no random movement of
the spheres towards each other. The merging involved the spheres moving towards each
other in directed fashion, because the neurospheres were responding to the surface
energy gradient with further evidence of migration of the merged sphere derived
aggregate to a higher energy region of the gradient.

On the NIPAAm gradients visual evidence showed that the cell populations based
on immunogenic markers would sort within neurospheres. There are few examples of
biomaterials which have been developed to harness this natural process. Such
biomaterials would improve biomedical research and cell therapy production. An
explanation of how cell types sort in natural tissues was put forward by Steinberg in the
1960s (Steinberg, 1963). Steinberg labelled mesoderm cells green the endoderm cells red,
and cells were observed to agglomerate which was followed by sorting where the red cells
resided next to the red cells and the green with green. The cells which are less adhesive
accumulate at the outer edges of such cell aggregates outside, and the inner core consists
of more adhesive cells. Steinberg later demonstrated that the surface tension of the
aggregate had a linear relationship the number of cadherins (Foty and Steinberg, 2005).
Another interesting finding is that the aggregates can elongate and are not restricted to
being spheroids in vitro (Ninomiya and Winklbauer, 2008). In a endothelial/mesoderm
aggregate system endotheial wrapping would cause elongation and flattening of the
aggregates. Also the authors show that the less cohesive cells do not have to be on the
outside by mixing in a less cohesive cell line. A factor which favours differential adhesion
hypothesis is that when cells divide the distribution of cellular components between the
two daughter cells is not always symmetrical (Neumdiller and Knoblich, 2009), therefore

one would expect the structure to be lost when daughter cells of the same tissue are
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asymmetrical. Neurospheres derived from primary sub-ventricular neural stem cells have
been shown to have structure and organization (Lia S. Campos et al., 2004) which is
consistent with differential adhesion hypothesis. Dividing bromodeoxyuridine positive
cells where at the periphery which was the location of the neural stem cells, and the
differentiated neurons and glia at the centre. This organization is logical because in full
differentiation neurons and glia are in a low density monolayer, because they are more
adhesive compared to stem cells. Confocal microscopy of the neurospheres on the
NIPAAm gradient showed structuring within the neurospheres (Figure 5.2). Key

differences with our culture system and (Lia S. Campos et al., 2004) included:

° Free-floating neurosphere culture system

. Cell culture media contained bFGF and EGF

° Forebrain cells (cortex and limbic) from rat pups,

° Larger neurospheres based on seeding density (size data was not shown)

The NIPAAm gradients have simplyified control of spheroid size. Useful applications
would include scale-up of in vitro organ formation (Eiraku et al., 2008) where small cues

stimulate self-organsized patteren from cells.

5.3.2 Neurosphere Numbers

Neurospheres adhered strongly enough to stay adhered through the fixing and
immunocytochemistry protocols. Neurospheres have always been part of non-adherent
free-floating cultures (Vescovi et al., 1993b). In chapter three and four surfaces were
seeded with whole neurospheres where surfaces such as methyl functionalised were
effective at retaining neurospheres, and in contrast the NIPAAm gradients neurospheres

formed from single cells.
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The highest abundance of the spheres was found in areas with low density and
intermediate polymer length (Figure 5.4). Neurosphere numbers in this area are almost
doubled compared to other higher surface energy regions on the surface. The
neurosphere numbers are lowest in regions with the lowest and highest surface energies.

Neural stem cells are typically cultured in vitro following two principle methods:
adhered monolayers (Conti et al., 2005) and free-floating spheroid (Vescovi et al., 1993b).
The spheroid techniques have distinct advantages including simplicity, scalability and
developmental potential demonstrated in seminal work (Takebe et al., 2013, Eiraku et al.,
2008). Neural stem cells and progenitors are cultured in vitro using stem cell mitogens
such as BFGF and EGF.

On the NIPAAm gradient surfaces neurospheres could be found throughout the
surface, and obviously present in higher numbers in certain areas. The highest abundance
of the spheres was found in areas with low density and intermediate polymer length
(Figure 5.12). The NIPAAm gradient delivered neural stem cell maintainace (cross-
validated by neurosphere counting and expression of the Nestin and Sox2 markers) in a
simpler protocol compared to (Vescovi et al., 1993b). Also the NIPAAm gradient provided
a source of adhered neural stem cells but in a productive way compared to (Conti et al.,
2005) monolayer method.

If applied commericailly the gradient would save alot of production costs because
no low volume high value reagents were used in these experiments. Productivity in terms
of producing more per unit area was increased and unit-operations were removed

through consolidatedation of stem cell expansion and differentiation.
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5.3.3 Differentiated Neurons and Glia

The counted neurons in Figure 5.9 were defined on a taxinomical basis with long
spindly processes, and cross exspression of Tujl and DAPI to show the main cell body.
Differentiated cortical neurons were found all over the coverslip. This shows that
poly(NIPAAm) is perfectly capable of neural cell culture. The reason could be a
resemblance of NIPAAm to poly(lysine) (in terms of amine content) which is a popular
substrate for cell culture (Yavin and Yavin, 1974).

Differentiation of neurons was controlled by the gradient because different neuron
numbers were counted around the gradient. The highest numbers of differentiated
neurons were in the areas of the gradient with long polymers and high initiator density
where amine density would have been highest. Low numbers of differentiated neurons
were in the border and edge areas of the gradient which was common for neurospheres
and glia too. Generally mature differentiated neurons responded more to polymer length
than polymer density with more neurons found in the parts of the gradients with long
polymers.

Glia tended to be found in similar places to neurons due to the maintenance role
at the surface interface (Roach et al.,, 2012). In these experiments the neurons
outnumbered the glia, because of the area where the cell were dissected from
(Dombrowski et al., 2001).

Differentiated glia populations responded in terms of cell number to the NIPAAmM
gradient. The highest glia numbers were in the high density of NIPAAm polymer brushes
with short lengths areas of the gradient. Across The whole NIPAAm gradient glia were
present in consistently high numbers whenever the NIPAAm polymers were short, and

that was mostly independent (ranging from 158 to 150 glia per quantile average) of

209



Chapter V - A Chemical Gradient Platform to Controllably Differentiate and Sort Neural Cell Populations

polymer initiator density. The areas of the gradient had about 3X more glia than the areas
of the gradient with the lowest numbers.

Lutolf and Hubbell highlighted the morphogenic potential of surfaces the authors
placed the emphasis on extracellular matrix proteins (Lutolf and Hubbell, 2005). The
approach has worked well in an array format demonstrated by Flaim but the purpose of
that platform was to probe the key cell extracellular matrix interactions to inform on
future biomaterial design. Also the authors use mitogens such as retinoic acid and
leukemia inhibitory factor (LIF).

Differentiation of cortical neurons could be controlled purely using these surfaces.
Neurons and neurospheres are a powerful model to study surface induced differentiation
with, because the cells are in two un-ambiguous states. As neural stem cells resided in
three dimentional neurospheres, and as differentiated mature neurons we have low
density two dimentional monolayer which resembles a ‘honeycomb’ collective
morphology. It is long establish that poly(d-lysine)/poly(ornithine) laminin coated surfaces
that neurons differentiate (Drago et al., 1991). Chapter 3 demonstrated that the gold
standard performance of laminin coated surfaces could be achieved by harnessing the
physical sciences of protein adsorption. Results were achieved by using aminopropyl silane
terminated glass cover slides, and we observed similar responses in multiple outputs
including spreading and lengthening. We demonstrated that surfaces can cause
differentiation, and we show that gradient surfaces control differentiation of neurons
because different stages of the cortical neural linages can be seen in different areas of the
gradient. Therefore surface energy of a surface can precisely control neural stem cell
differentiation. In areas of low surface amine density was host to neural stem cells, and
mature differentiated neurons are found in areas with high amine density. Neurons can be

purified by up to 700% when comparing the areas with highest neurons number to areas
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with the lowest neuron numbers. Mature neurons in these experiments were defined as
being positive for the Tujl antibody, the cells had to have a clear soma and nucleus, and
processes had to be running out from the soma.

The experiments demonstrated that stem cell differentiation can be made into a
more controllable process with principles of consolidated bioprocesses. To show that
neural progenitors /stem cells were simultaneously being expanded and differentiated,
the immunocytochemistry was performed only at the four day time point. There are
numerous ways to cause differentiation such as contact dependent proteins (Drago et al.,
1991), combinations of factors (Jaeger et al., 2011) and biomaterials alone (chapter 3).
These methods highlight important principles, but not the control of the gradients where

responses can be localised.

5.3.4 Possible Mechanisms

The NIPAAm gradients presented a two dimentional linear amine density gradient,
where aggregates would arise because of the surface. Normally aggregates are normally
produced by the classic hanging-drop technique to look at tissue sorting within. In an
effort to simplify the argument behind thermodynamic and mechanical sorting we wanted
to test the factors on a two dimentional planar surface to eliminate the influence of other
factors un-intentionally introduced to the experiment. To simplify we developed a
gradient which mixed brush density with varying NIPAAm polymer length to produce an
orthogonal surface gradient aiming to control cell organization, and differentiation with
thermodynamics at the cell surface-interface. For example in charge density studies with
nanoparticles more plasma protein adsorbed onto particles with a higher charge density
(Gessner et al., 2002). The authors found that the composition of adsorbed proteins did

not differ significantly between the particles; the big differences were in specific adsorbed
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volumes. Others have seen a superior cell response on surfaces by increasing surface
energies, compared to materials with a lower surface energy (Zhao et al., 2005).
Specifically with NIPAAm the response of bone marrow stem cell adhesion, spreading and
growth alters by changing the ratio of NIPAAm in composite biomaterials (Allen et al.,
2003). In contrast to our finding the authors found a less favourable response to the
addition of NIPPAm in a linear fashion. In the previous experiments (chapter three) we
reasoned that laminin or laminin fragments adsorb on to surfaces with amine groups,
because of the similarity between amine surfaces to the poly(D-lysine)/laminin gold
standard.

Certain parts of the gradient caused differentiation while other parts of the
gradient caused maintenance of neural stem cells. Neurospheres on the gradient surfaces
were studied with confocal microscopy to identify and localize neural markers. The
relationship between neurosphere size and organization was bigger spheres were more
sorted. Which means the greater adhesion forces in the bigger spheroids enhances cell
sorting. The findings show that the thermodynamic surface gradient effected the
organization within the spheroids, and size of the neurospheres was also affected. The
clearest affects were based on adhesion and cell affinity with long NIPAAm polymer
brushes at low density. The finding show in a vivid fashion that the neurosphere response
was linear in places which adds a predictable level of control. Other scientists have shown
in slightly different single cell systems (opposed to these aggregates) that the spreading of
individual cells was effected by adhesion ligand density (Cavalcanti-Adam et al., 2006b). By
functionalizing nanoparticles with arginylglycylaspartic acid (RGD) peptide sequences and
having various densities of the particles (so therefore the RGD peptides), cell spreading
could be controlled. Cells spread more with a higher ligand density, because of focal

adhesions. That means for strong adhesion the adhesive molecules cluster, so in weaker
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adhesions have less ligand density driven adhesive molecule clustering. Others have found
different fibronectin densities different cell adhesive forces are generated. In a
combination of surfaces coated with different fibronectin densities and a spinning-disk
device it was calculated that if clustering is below 0.11 clusters/um” a cell will not
generate an adhesive force (Coyer et al., 2012). The reason highlighted by the authors was
that the focal adhesions are key to organizing the cytoskeleton which generates the force

(Dalby et al., 2004).
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5.4 Chapter Five Conclusions

Markers for stem cell and differentiated neurons concentrated at different parts of
the surface.

Neurospheres were in higher numbers in the lower amine density areas on the
gradient.

Differentiated neurons were more abundant in the higher amine density areas on
the gradient.

Effective high throughput platform with cell attachment in all areas

Controlled neural cell differentiation with density and length pNIPAAm gradient
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Chapter VI

6 Conclusions

The aim of PhD thesis was to find some simple principle to improve biomaterials, and
to improve surfaces to better control neural cell culture. There have been various high-
throughput approaches to biomaterial design, but the idea behind a lot of the work was
to look at a parameter in the simplest form and ascertain the effects. For example the
start of the project was to assess cell response to surface functionality, which was moved-
on to multiple functionalities on the same surface in the final chapter.

In chapter three properties of the biomaterial interface with silane functalities to
cause different cell responses. The surface chemical functionalities were shown to have
dramatic impact on neural stem and daughter cell responses. Clear differences were
observed between all the surfaces and the cell response metrics, with amine surfaces
giving rise to similar attachment, spreading and differentiation capacity as that shown by
poly(lysine)-laminin conditioned surfaces. The study presented shows that a simple and
cheap chemical modification to a material’s surface controls various aspects (attach,
spreading, proliferation) of cell response, being of major benefit in terms of improve cell
culture practices and scale-up, scale-out of cellular therapies for neural tissue.

In chapter four the aim to take the amine functionality further by incorporating
secondary amines in the alkyl chains of silane molecules, so the surface were coated with
secondary amines along with a primary amine head groups. One hypothesis for the
success of the amine functionalised surfaces in chapter three was the relevance to
biology, because secondary amines being found in amino acids such as arginine and
histidine. Therefore the aim was to present the amine surface functionalities in a

biologically relevant fashion by using silanes with secondary amine groups. In all the

215



Chapter VI — Conclusions

metrics such as neurosphere spreading and neuron to glia ratio, the two surfaces with
secondary amines would equal or exceed the primary amine surface between the three
and five day time point to statistically significant levels. At the final seven day time point
the secondary amine surfaces had a sharp decline in surface influenced cell responses. A
possible explanation is bio-degradation where the surfaces changed as a result of the cell
or the cell culture media. Retractions of neurosphere spreading were observed, and if
that was a result of degradation, then having degradable materials would adversely affect
cell response over time.

In chapter five the amine functionalites were put into a gradient. Currently in vitro
differentiation of stem cells is achieved by using high value/low volume soluble factors,
and functional tissue has been derived in vitro from pluripotent stem cells using relevant
soluble signalling factors from the developmental process. The problem with using
soluble signalling factors is expense and lack of control, because a lot signal proteins have
overlapping roles. In these experiments we manged to control neural differentiation using
chemo-physical gradient surfaces. The gradients allowed simultaneous culture of neural
stem cells/progenitors (in neurospheres) with differentiated neurons in a differentiation
media excluding expensive reagents, and the gradient surfaces concentrated the lineages
to different areas of the surface. Principle to the gradient design was Steinberg’s
differential adhesion hypothesis, which made neurosphere size and organisation
controllable allowing engineering of micro-environments. The chemical reaction used to
make the gradients is translatable between many materials including metals and polymer.
Therefore we provide a cheap and flexible solution which would be easy to incorporate
into many experiments and processes to bring improvements with basic science and cell

therapy production.
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Chapter IX

9 Appendix

Appendix 1 — Neurosphere spread area QQ plots for chapter three. From the plots skews in the data could be shown which meant data treatments which improve the statistical
testing could be applied. Row one is day 3, Row two is the tested surfaces at the day 3 timepoint, and row three is the day 7 timepoint. On the heading: mean is Mu, and sigma is
standard deviation.
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Appendix 2 — Neural density QQ plots for chapter three. From the plots skews in the data could be shown which meant data treatments which improve the statistical testing could be
applied. Row one is day 3, Row two is the tested surfaces at the day 3 timepoint, and row three is the day 7 timepoint. On the heading: mean is Mu, and sigma is standard deviation.
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Appendix 3 — Neuron to glia ratio QQ plots for chapter three. From the plots skews in the data could be shown which meant data treatments which improve the statistical testing
could be applied. Row one is day 3, Row two is the tested surfaces at the day 3 timepoint, and row three is the day 7 timepoint. On the heading: mean is Mu, and sigma is standard
deviation.
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Appendix 4 — Neurosphere spread area QQ plots for chapter four. From the plots skews in the data could be shown which meant data treatments which improve statistical testing
could be applied. Row one is day 3, Row two is the tested surfaces at the day 5 timepoint, and row three is the day 7 timepoint. On the heading: mean is Mu, and sigma is standard

deviation.
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Appendix 5 — Neural density QQ plots for chapter four. From the plots skews in the data could be shown which meant data treatments which improve the statistical testing could be
applied. Row one is day 3, Row two is the tested surfaces at the day 5 timepoint, and row three is the day 7 timepoint. On the heading: mean is Mu, and sigma is standard deviation.
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Appendix 6 — Neuron to glia
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Appendix 7 - Axon process lengths QQ plots for chapter four. From the plots skews in the data could be shown which meant data treatments which improve the statistical testing
could be applied. Row one is day 3, Row two is the tested surfaces at the day 5 timepoint, and row three is the day 7 timepoint. On the heading: mean is Mu, and sigma is standard

deviation.
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Appendix 8-Neursphere counting data from the Nipaam gradients in chapter five. Each graph is the data from counting square replicates. From the plots skews in the data could be
shown which meant data treatments which improve the statistical testing could be applied. In the dialog box: mean is Mu, and sigma is standard deviation.
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Appendix 9 - Glia counting data from the Nipaam gradients in chapter five. Each graph is the data from counting square replicates. From the plots skews in the data could be shown
which meant data treatments which improve the statistical testing could be applied. In the dialog box: mean is Mu, and sigma is standard deviation.
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Appendix 10 — Neuron counting data from the Nipaam gradients in chapter five. Each graph is the data from counting square replicates. From the plots skews in the data could be
shown which meant data treatments which improve the statistical testing could be applied. In the dialog box: mean is Mu, and sigma is standard deviation.
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Media Name of Volume in 50 mL Source
Component
NPC (50 mls Total) Neurobasal Media 47.8mls Gibco (sub-division Life
Technologies), Paisley
B27 Supplement 0.5mls Gibco (sub-division Life
Technologies), Paisley
penicillin 0.5mls
streptomycin
fungizone (PSF
I-Glutamine 0.125mls Sigma-Aldrich Llc,
Gillingham
30% Glucose 0.375mls Sigma-Aldrich Llc,
Solution Gillingham
Basic Fibroblast 20ul
Growth Factor
(bFGF)
Dissection Media Dulbecco's modified 47.5mls Sigma-Aldrich Llc,
(50 mls Total) Eagle's medium Gillingham
(DMEM)
30% Glucose 1ml Sigma-Aldrich Llc,
Solution Gillingham
Sodium bicarbonate 0.8mls Sigma-Aldrich Llc,
Gillingham
1M HEPES solution 0.25mls Sigma-Aldrich Llc,
Gillingham
Differentiation Media Neurobasal media 42.5mls Gibco (sub-division Life
(50 mls Total) Technologies), Paisley
Foetal calf serum 5mls Biocera Ltd, Ringmer
B27 supplement 0.5mls Gibco (sub-division Life
Technologies), Paisley
glucose solution 0.375mls Sigma-Aldrich Llc,
Gillingham
PSF 0.5mls
L-glutamine 0.125mls Sigma-Aldrich Llc,

h

Gillingham

Appendix 11 - The cell culture medias used in all experiments are shown above.
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Solution Name of Volume in 7 mls Source
Component
Block Solution (6.94mls | TBS (1 in 4 dilution) 6.6
Total)
Triton x 0.066 mls Sigma-Aldrich Llc,
Gillingham
Normal goat serum 0.33 mls PAA Laboratories Ltd,
(NGS) Yeovil
Primary Antibody TBS (1 in 4 dilution) 7 mls
Solution 1 (7.1mls Total)
Triton x 0.007 mls Sigma-Aldrich Llc,
Gillingham
Normal goat serum 0.07 mls PAA Laboratories Ltd,
(NGS) Yeovil
B-IlI-tubulin 1:500 Dilution DSHB, University of
(neuronal lowa, USA

microtubial protein)
murine antibody

Rabbit glia fibrillary
acidic protein
(GFAP) antibody

1:1000 Dilution

DAKO UK Ltd, Ely

Primary Antibody TBS (1 in 4 dilution) 7 mls
Solution 1 (7.1mls Total)
Triton x 0.007 mls Sigma-Aldrich Llc,
Gillingham
Nestin murine 1:500 Dilution BD Biosciences, USA
antibody
Sox2 rabbit 1:1000 Sigma-Aldrich Llc,
antibody Gillingham
Secondary Antibody TBS (1 in 4 dilution) 7 mls
Solution (7.1ml Total)
Triton x 0.007 mls Sigma-Aldrich Llc,
Gillingham
Normal goat serum 0.07 mls PAA Laboratories Ltd,
(NGS) Yeovil
TRITc tagged 1:300 Dilution Cheshire Sciences LTD,
547nm Goat anti- Aldford
Rabbit Antibody
FITc tagged 490nm 1:300 Dilution Cheshire Sciences LTD,

Goat anti-Mouse
Antibody

Aldford

Appendix 12 — Antibody solutions used in all experiments.
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