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Summary

Currently there is no effective treatment for injuries to the central nervous system. Cell
replacement therapy has been investigated for a number of neural injuries/neurodegenerative
disease and in some instances led to clinical trials. However, the effectiveness of the
treatment, most notably observed in the context of replacing dopamine neurons in
Parkinson’s disease patients, has been highly variable. In part, this has been attributed to: (i)
poor cell survival and (ii) poor integration of the grafted cells into the host tissue. It is likely
that the non-conducive environment of the adult brain is partially responsible for these short
comings and that providing an improved niche environment, enriched with chemical and
physical support for newly implanted cells, could have a significant impact on transplantation
outcomes. In this regard, this thesis examines the potential of bio-engineered scaffolds to
support neural cells in vitro and subsequently provide a stimulating micro-environment to

satisfy both physical and biological needs for grafted cells in vivo.

Electrospun scaffolds possess many features reminiscent of the brains extracellular matrix
and were therefore examined their ability to support of neural cells in vitro and in vivo
(chapter 4, 5 and 6). The scaffolds were additionally chemically modified (with neurotrophic
factors) to maximise their bio-functionality. Whilst previous studies have demonstrated the
benefits of covalently tethered proteins onto scaffold to prolong exposure, little attention has
been paid to the stability and functionality of these proteins. Chapter 4 demonstrates long-
term stability of glial-cell derived neurotrophic factor (GDNF), its maintained ability to
activate intracellular signalling pathways and, its ability to influence cellular responses

(survival, differentiation and neurite growth).

Xi



Prior to examining the ability of electrospun scaffolds to support neural transplants,
methodologies were established to determine how best to introduce these scaffolds, so as to
support the graft (chapter 5). The results showed that cells implanted adjacent to the
electrospun scaffold were superior to efforts of implanting scaffolds pre-seeded with neural
cells or efforts to implant cells into the cavity of the scaffold in vivo. The data illustrated that
Poly(e-caprolactone) (PCL) scaffolds supported graft survival and neurite penetration inside

implanted scaffolds.

Subsequently, a more extensive evaluation of the ability of electrospun scaffolds,
incorporating tethered GDNF, to support neural cells was performed (Chapter 6). In vitro,
PCL with immobilised GDNF (iGDNF) significantly enhanced cell viability and neural stem
cell/progenitor proliferation compared to conventional 2-dimensional cultureware. Upon
implantation into the intact brain of rats, PCL scaffolds including iGDNF enhanced the
survival, proliferation, migration, and neurite growth of transplanted cortical cells, whilst
suppressing inflammatory reactive astroglia in the comparison with unmodified PCL
scaffolds and cell transplantation alone. The results illustrate the potential of
biofunctionalised scaffolds to support neural grafts, findings that could have a significant

impact on promoting regeneration in the injured brain.

Finally this thesis examines the potential of scaffolds to support transplanted cells in an
animal model of neural injury (a Parkinson’s disease model). Whilst chapter 6 explore the
potential of electrospun scaffolds for supporting grafts, the final results chapter (Chapter 7)
concentrates on developing a more advanced bio-engineered scaffold that is less invasive for

implantation. A composite scaffold that could be easily injected into the brain was fabricated

Xii



by combining a hydrogel with bio-functionalised electrospun short fibres. The composite
scaffolds modified with GDNF were shown to significantly promote cell viability as well as
the differentiation and neuritogenesis of dopaminergic neurones (the cell population requiring
replacement in Parkinson’s disease) in the comparison with other scaffolds. After 28days in
vivo, the composite scaffolds were demonstrated to maintain the survival and integration of
transplanted dopamine neurone. The tethering of GDNF onto the short fibres in the composite
scaffolds was shown to also suppress microglia activation when compared to the scaffolds

without GDNF.

Collectively, this thesis makes a significant contribution to understanding the potential of
biofunctionalised scaffolds to support neural stem cells in vitro and in vivo, and may have
important implications in the future for the development of cell based therapies for the

treatment of neural injuries.
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Chapter 1

1.1 BACKGROUND

Disease and injuries to the central nervous system (CNS) are one of the most difficult and
challenging medical issues, with patients experiencing a range of disabilities decreasing their
quality of life. In addition to the devastating physiological consequences to the patient, brain
injury also places a large economic burden on society due to the costs from surgeries,
medication, physical therapies and intensive care. However, current treatments have not been
able to provide an efficient solution to patients who suffer from the consequences of damage
to the brain. Additionally an increase in the aging demography will escalate the prevalence of
such disabilities highlighting the need to discover new treatments and/or cures for brain
disease. Cell replacement therapy has, and continues to be a focus in the development of
novel therapies for brain repair. Unfortunately poor survival and integration of transplanted
neural cells persist as major stumbling blocks within the field and highlight the necessity for
new technologies to support tissue grafts. In this regards more recently, research has been
directed towards the development of biomaterials that are capable of instructing cells and

exploiting these as platforms that may promote nerve regeneration.

Electrospun polymeric scaffolds have been studied for tissue engineering applications due to
their similarity to the extracellular matrix for many types of tissue including neural tissue. In
previous studies, electrospun poly(e-caprolactone) (PCL) scaffolds demonstrated
biocompatibility in the brain [1]. PCL scaffolds have the ability to influence the proliferation
of neural stem cells and their differentiation into all the main neural cell phenotypes (neurons,
astrocytes and oligodendrocytes) in vitro; furthermore they are capable of supporting neural

cells and their processes following implantation into the brain [1, 2]. The overall objective in
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this research was to examine the ability of PCL scaffolds to support grafted primary cells in
the brain, and subsequently to investigate the ability of these scaffolds to regenerate damaged

neural pathways/ tissue in the brain.

Another principle element in the present research is to improve the biofunctionality of the
electrospun scaffolds via chemical modification with neurotrophic factors, in order to
enhance the engraftment efficiency of the neural cells in the brain. Therefore another major
aim is to reconstruct the injured brain tissue by delivering embryonic primary cortical cells
via modified bioengineered scaffolds, which also perform as a long-term delivery system of
neurotrophic factors. This research provides a fundamental platform to determine the
methodology of combining biologically modified scaffolds and primary cells for a variety of
brain injury models including traumatic brain injury (TBI), Parkinson’s disease (PD) and
Huntington’s Disease (HD). To achieve this goal, glial-cell derived neurotrophic factor
(GDNF), a neurotrophic factor known to influence the survival, proliferation, differentiation
and neurite growth of a number of neural populations, was selected for surface modification
to increase the biofunctionality of the scaffolds in vivo. This resulted in an increase in
survival rate of grafted primary cells, neurite ingrowth and integration between the scaffold
and both grafted and host tissue. The later part of the thesis delves further into the,
characterisation of the stability and bio-functionality of tethered proteins, again focusing on

GDNF as the example molecule.

While the initial studies in this thesis focus on proof of principle for biofunctionalized
electrospun scaffolds to support primary neural cells in vitro and upon implantation, the

future of such applications will depend on the ability to implant scaffolds with minimal injury
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to the brain parenchyma and inflammation. Therefore, to obtain a compromise for provision
of support for a lesion and minimising the subsequent injury after implantation, a 3D filling
type of polymeric scaffold was considered in the following research. xyloglucan, an
injectable hydrogel was applied and combined with short fibres of electrospun poly-L-lactide
(PLLA) modified with GDNF for implantation in mouse models of Parkinson’s disease. 3-
Dimensional xyloglucan hydrogels provide support to the cavity/ lost neural pathway in the
brain and acts as a carriage for primary neural cells; the short fibres additionally provide
scaffolding for the implanted cells and serve as a delivery system of biological molecules.
This research provides a proof of concept for the capacity of implanted advanced
bioengineered hybrid scaffolds, containing two different forms of biomaterials (hydrogels
and short fibre modified with a biological molecule) to support the survival proliferation and
differentiation of neural stem cell grafts, as well as enhance axonal growth and neural circuit

restoration in the injured brain.

1.1.1 Neural tissue engineering

Due to the limitation of self-repairing ability in central nervous system, injuries to the brain
including disease and trauma are almost incurable. Therefore there is an increasing need for
the development of new and novel therapies. Numerous researchers have shown positive
results in utilising biomaterials for specific applications in neural tissue engineering. Basic
requirements for theses scaffolds in neural tissue engineering include biocompatibility, non-
toxicity and controllable mechanical properties [3]. Added to this, the bio-functionality of
these scaffolds has been extensively explored in order to induce biological activity of cells in
vitro and in vivo. The bioengineered scaffolds need to provide a physical support to the lost
neural tissue, stimulate neural regeneration, encourage cell differentiation and promote

integration between implanted materials and cells with the host tissue [4, 5]. Long term, the
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bioengineered scaffolds are required to be biodegradable while slowly being replaced by the
new implanted cells, and may release biological cues to enhance neural tissue repair, or even
be able to act as a cell carrier to accelerate cell repopulation in the injured site/ lost neural
pathway [6-9]. Recently scientists have attempted to developed advanced scaffolds, focusing
on specific injuries to the brain; such as stroke, TBI and neurodegenerative diseases including

Parkinson’s disease.

1.1.1.1 Parkinson’s disease

PD results from the progressive neurodegeneration of dopaminergic cells (DA) residing
within the ventral midbrain (VM) of the substantia nigra pars compacta [10]. Parkinson’s
disease affects approximately 1% of the population over the age of 65, and while the majority
of cases (>90%) are idiopathic, genetics and exposure to some compounds (namely
insecticides) also account for a number of cases [11, 12]. A gradual and progressive death of
the midbrain dopaminergic neurons results in changes in basal ganglia output to the motor
cortex [13, 14]. Consequently, PD results in multiple motor dysfunctions including resting
tremor, bradykinesia (slowness in movement), akinesia (absence of movement), difficulty
initiating movement, muscle rigidity and postural instability. Added to this, the majority of

patients also progress to be disturbed cognitive and psychiatric characteristics [15].

Currently therapies for PD predominantly focus on pharmaceutical intervention in an effort to
increase striatal dopamine. Drugs include the dopamine precursor L-dopa, dopamine agonists
and inhibitors of enzymes involved in dopamine degradation. Some patients additionally
undergo surgical treatment whereby electrodes are placed in specific areas in the brain (deep

brain stimulation) to restore the balance within basal ganglia circuitry and output to the motor
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cortex [16]. However, these existing techniques are not able to halt the progressive death of
DA neurons and are associated with a number of side-effects and complications. An
additional and long term treatment under development for the treatment of PD is cell
replacement therapy [13, 17]. A number of clinical trials to date have demonstrated proof of
principle that newly implanted dopamine neurons are capable of structurally and functionally
integrating into the host brain. Additionally these grafts are able to improve motor
impairments in patients. While in principle this technology is feasible, extensive variability is
observed among patients. Variable outcomes has largely been attributed to poor survival rate
and insufficient integration between host and grafted cells [18, 19]. Therefore novel
strategies, focused at improving the physical and chemical niche for implanted cells to

survive and integrate may significantly improve cell replacement therapy in the future.

1.1.2 Utilization of transplanted primary cells in neural tissue engineering

Stem cells are well known for the capabilities of self-renewal, differentiation and
proliferation [20]. An uncommitted neural stem cell has the ability to divide symmetrically,
giving rise to two identical daughter cells that will continue to self-renew, or asymmetrical
division, resulting in an identical self-renewing NSC as well as a neural progenitor. Neural
progenitors include neuronal progenitors/neuroblasts (giving rise to neurons) and glial
progenitors/glioblasts (giving rise to astrocytes and oligodendrocytes), figure 1.1. Combine
these cells form neuronal networks with glial cells providing structural and trophic support
whilst oligodendrocytes insulate neurons, ensuring rapid electrical conductance. Therefore
NSC transplantation has been studied for different applications in neural tissue engineering to
efficiently replace the lost neural tissue and reconstruct the injured region for applications
including the treatments of Parkinson’s disease [13, 16], traumatic brain injury [21, 22] and

ischemic brain injury [23, 24]. Table 1.1 outlines the different neural cell types in embryonic
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development, and cell functions and the cell markers used in immunohistochemistry in the
thesis [2, 25]. Numerous growth factors including GDNF and BDNF significantly increase
the survival rate of grafted neurons, and make cell transplantation a potentially more efficient
and promising technique in the clinic [26]. In the present research, transplantation of primary
neural cells was applied with implanted bioengineered scaffolds to replace the dead cells in
mice with Parkinson’s disease. Stem cells present a valuable tool for neural repair however
are shrouded by a number of limitations. Pluripotent stem cells, including embryonic stem
cells and inducible pluripotent stem cells have the advantage of being an unlimited cell
source capable of making any call type in the body. However these advantages also represent
their main disadvantages — that is the ability to control their proliferation and prevent tumours
or neural overgrowths as well as sufficiently fate restrict these cells along a specific lineage.
For this reason, the use of fetal tissue (primary derived neural stem cells and progenitors
isolated from the developing embryo) continues to be an attractive cell source for in vivo
application. Whilst the use of such tissue also presents concerns, namely a limited cell source
and the ethical implications of using aborted fetal tissue, fetal tissue remains the cell of
choice for current and ongoing clinical trials. Another possible problem associated with
utilization of primary neural cells in neural tissue engineering was the toxicity of
bioengineered scaffolds causing cell death in vitro and in vivo. Therefore the biocompatibility
of the scaffolds was one of the primary focuses in the present research, which was improved

to overcome poor cell survival.
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Figure 1.1 The lineage of primary neural cells in embryonic development. Embryonic stem cells can
self-renew and generate progenitor cells, which are able to differentiate into neuroblast and glioblast
cells. Neuroblast and glioblast can differentiate into neurons, astrocytes and oligodendrocytes. Factors
influence cell fate include epigenetic and genetic means as listed in the figure [25].
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Table 1.1 The list of different neural cells, roles and cell markers in immunohistochemistry

Neural cells Role/ Functions Markers
Neural stem cell Self-renewing/multipotent neural cells Nestin
Progenitor A cell that has a tendency to differentiate into

a specific type of cell, but is already more
specified than a stem cell e.g. neural
progenitors become neurons and glial
progenitors become astrocytes and
oligodendrocytes

Neuron Cells within the nervous system responsible for TUJ
electrical and biochemical transmission of
signals throughout the body

Astrocyte ‘Support cell’ who’s functions include secretion GFAP
of various proteins, neural repair and scarring
processes, extracellular matrix, support of
brain endothelial cells

Oligodendrocyte support and insulation of axons/ form Myelin NG2
sheath

1.1.2.1 Glia-cell derived neurotrophic factor (GDNF)

GDNF was selected and functionalised to the scaffolds in the PhD research due to the
significant biological functions in cell development. Not only GDNF play an important role
in survival of dopaminergic neurons following 6-OHDA injection [27], but also major
function in cell plasticity during cell development [28]. Upon release from glial cells, GDNF
binds to membrane bound receptor GFRal on the target cell (the dopamine neuron in the
present context). GFRal lacks a transmembran and intracellular domain and must therefore
interact with a secondary receptor, c-ret, for intracellular signaling. This interaction may
activate several intracellular signaling cascades including the mitogen-activated protein
kinase—extracellular signal-regulated protein kinase (MAPKI/Erk), phosphatidylinositol 3-
kinase (PI13-K)/Akt, and phospholipase C (PLC) pathways. Within this thesis the
phosphorylation of Erk is used as a readout of activation of intracellular GDNF signalling

(Figure 1.2) [29, 30].
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Figure 1.2 An model of intracellular signalling pathways activated by GDNF and the associated

biological functions in cell development [30].

1.1.3 Applications of engineered scaffolds in neural tissue engineering

Electrospun polymeric scaffolds have shown significant potential for tissue engineering
applications, as they have been employed to mimic some of the essential features of the
extracellular matrix (ECM) for many types of tissue. In this research, electrospun poly (e-
caprolactone) (PCL) scaffolds were used because of their proven biodegradability and
biocompatibility for regeneration of the CNS. These scaffolds were seeded with primary
neural cells (NSCs) and the propensity of the scaffolds to influence proliferate and
differentiate were examined. Previous research demonstrated that electrospun PCL scaffolds
could influence the proliferation and differentiation capacity of NSCs whilst also encouraging
neurite elongation and infiltration. Furthermore, these scaffolds can result in astrocyte

activation, important for the secretion of growth factors and supporting neurons in the injured
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brain [1, 31]. In addition proteins can be immobilised onto these electrospun PCL scaffolds to
further influence cellular responses. In one such example, immobilised brain-derived
neurotrophic factor (BDNF) was shown to sustain primary cortical cells, encourage cell
proliferation and direct the differentiation towards neurones and oligodendrocytes [2]. In the
present project, electrospun scaffolds were optimised specifically for neural stem cell
transplantation in order to encourage neural cell proliferation, enhance differentiation of
neurons to replace cells lost to disease/ injury and accelerate restoration of lost function

following brain injury.

Galactose modified xyloglucan is a thermally sensitive and neutral hydrogel, which has
shown to be biocompatible both in vitro and in vivo studies [32]. Additionally the
interconnective structure of xyloglucan enhances the permeability of oxygen, nutrients and
metabolites [33], making them suitable for cell encapsulation in tissue engineering. Injectable
hydrogels are ideal for in vivo applications due to the less invasive implantation method.
Diseases/ injuries to the CNS can often result in the loss of tissue mass and the formation of a
spatial/ cystic cavity. Consequently, in these instances, repair requires the replacement of
extracellular matrix to enable the support of transplanted cells. In this research (chapter 7)
xyloglucan was designed to encapsulate and provide physical support for implanted neural
cells. Xyloglucan grafted with PDL was shown to encourage the infiltration of neurite and
astrocyte after implantation [32], demonstrating the controllable biofunctionality of the

material.
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1.2 RESEARCH HYPOTHESIS

A central hypothesis of this work is that electrospun scaffolds immobilised with a
neurotrophic factor can support grafted primary neural cells including increased
survival, proliferation and innervation in vivo in the comparison with cell
transplantation alone and unmodified scaffolds. In addition, a hybrid scaffold
containing hydrogel and electrospun short fibres tethered with a neurotrophic factor
can sustain grafted cells and maintain process development of grafted ventral midbrain

cells in an animal model of Parkinson’s disease.

In specific terms, the above hypotheses are supported by the following research

findings:

A) GDNF can be chemically immobilised onto electrospun PCL scaffolds, which can be
a long lasting delivery system without degradation.

B) Tethered GDNF can promote cell viability of ventral midbrain cells and increase the
population of dopamine cells in cultures in the comparison with control (2D glass
coated with PDL).

C) Biocompatible electrospun scaffolds can be applied to deliver primary neural cells
with adequate physical support in vivo, which can allow neurite penetration through
scaffolds with micro size.

D) Electrospun PCL scaffolds immobilised with GDNF can promote grafted neural stem
cell survival and enhance fibre innervation in vivo with sufficient physical support and
biological stimulus when compared to cell transplantation alone and unmodified

scaffolds.

13
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E) Short fibres of electrospun scaffolds immobilised with GNDF can combine with
hydrogel, xyloglucan for in vitro and in vivo applications.

F) Xyloglucan can be utilised to encapsulate grafted primary neural cells in vivo.

G) Incorporation of xyloglucan and tethered GDNF on short fibres can promote the

process development in vivo in the comparison with the absence of GDNF.

1.3 RESEARCH AIMS

1.3.1 Research aims

This PhD research focuses on the applications of polymeric scaffolds for the support of
primary neural cells in vitro and following implantation into the intact and injured brain. The

thesis encompasses four main research aims:

1) To characterise the stability, degradation and functionality of immobilised protein on

polymeric scaffolds,

2) To develop a methodology for implanting polymeric scaffolds, together with primary

neural cells, into the rodent brain.

3) To examine the biological effects of protein tethered scaffolds on primary neural cells and
their derivatives in vitro, as well as assess the effect of these scaffolds on graft and host-

derived neural cells in vivo,

4) To utilize easily implantable composite polymeric scaffolds, incorporating
biofunctionalized short nanofibres, to enhance the survival and integration of neural

transplants into an animal model of PD in the comparison with unmodified scaffolds.
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AIM 1

To tether protein (utilizing GDNF to demonstrate proof of principle) onto scaffolds via an
optimised crosslinking method. To investigate the stability and degradation of the
immobilised protein on polymeric scaffolds in order to assess the amount of amines and
proteins tethered onto scaffolds, and release kinetics of the protein and functional activity of

the protein over time.

AIM 2

Combining biomaterials and primary neural cells to promote tissue repair relatively to cell
transplantation alone in the injured brain is the main focus of this PhD research. Aim 2 will
important develop and optimise a method for implanting polymeric scaffolds together with
primary neural cells grafts into the rodent brain. The main focus of this aim is to encourage
the survival rate of the implanted cells, whilst aim 3 will provide a more detailed assessment

of implanted cells based upon optimized methodologies established in aim2.

AIM 3

To assess the biological effects on both graft and host-derived neural cells following
implantation together with the GDNF-functionalized electrospun scaffolds. The aim is to
demonstrate scaffolds not only provide physical support for implanted primary neural cells
but can additionally be utilized for prolonging protein delivery in vivo. The main challenge is
to enhance the survival of grafted cells, support their proliferation and differentiation and, to
encourage the integration between implanted scaffolds, grafted cells and host in the

comparison with cell transplantation alone and unmodified scaffolds.
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AIM 4

To explore different forms of polymeric scaffolds that can reduce the physical trauma
induced upon implantation into the brain. To achieve Aim 4 two different forms of polymeric
scaffolds are applied: a hydrogel that can easily injected into the brain and undergoes gelation
at physiological temperatures combined with biofunctionalized electrospun short fibres.
These composite scaffolds will be implanted into the brains of Parkinsonian mice to assess

their ability to support neural tissue grafts.

1.4 RESEARCH STRATEGY

The main research strategy in this PhD is illustrated in figure 1.3. PCL scaffolds were
fabricated by electrospinning and immobilised with GDNF. The modified scaffolds were
implanted in the brain of rats for 28 days while primary cortical cells transplanted adjacent to
the scaffolds. Development of the research lead to the implantation of hybrid scaffolds
(xyloglucan gel together with GDNF-functionalized short nanofibres) together with midbrain

dopamine cells into animal models of Parkinson’s disease in an effort to promote repair.
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1. Electrospin Poly(g-caprolactone) 2. GDNF Attachment

10% PCL 0.05M ethylenediamine
chloroform/methanol (3:1) e

Pump speed
0.394 mL/hr

10 cm

3. PCL Implantation and Stem Cell Transplantation

Hamilton syringe (5 ul)
fine glass capillary (50 pm)

PCL scaffold implantation @
Anterior 1.0 mm - 2
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Depth 5.0 mm
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Figure 1.3 The schematic illustration of research strategy
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1.5 THESIS OUTLINE

Partl containing chapters 1-3 concentrates on the different types of polymeric scaffolds and a
variety molecules and methods for surface modification in neural tissue engineering. Part2
containing chapter 4 investigates the characterisation of stability, function and degradation of
immobilized protein on scaffolds. Part 3 containing chapter 5-7 focuses on the combination
of implanting modified electrospun scaffold with transplanting primary neural cells in vivo,
and utilization of different forms of engineered scaffolds for implantation purpose. Part 4

containing chapter 8 concludes all the research projects conducted during the PhD duration.

This thesis is submitted as a conventional thesis containing three publications and other
traditional chapters. Part 1 contains a review article and Part 3 contains a research
publications. For the publications in the thesis, the format style and language are specific for

each submitted journal, and vary from each other.

1.5.1 Partl- An introduction

Chapter 1
A general introduction and background in neural tissue engineering

This is an introduction chapter giving a brief background of neural tissue engineering,
utilization of primary neural cells and biomaterials application in neural tissue engineering,
which includes electrospun scaffolds and xyloglucan. And the research hypothesis, aims and

an outline of the thesis are detailed.
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Chapter 2

Biofunctionalisation of polymeric scaffolds for neural tissue engineering

This is a literature review chapter introducing the current applications of different types of
engineered scaffolds, surface modification with molecules and immobilisation methods for
neural tissue engineering. A discussion of the potential of bioengineered scaffolds in the field

is included.

Chapter 3
Materials and methods

This is a chapter including all the materials and methods applied in this PhD research.

1.5.2 Part2- Characterization of immobilised protein on scaffolds

Chapter 4
Characterisation of the stability and bio-functionality of tethered GDNF on scaffolds

Chapter 4 discusses the characterization of the stability, degradation and biofunction of the
immobilized protein on electrospun scaffolds. The chapter details the stability of immobilized
protein on the scaffolds over a period of time, the releasing time points and the effects on
cultured cells. It gives a better insight of how much proteins can be tethered on to the
scaffolds via the crosslinking method, how much leaching off over a period time and the
actual releasing time point. Additionally the influence on cell behaviour including survival

rate and the population of dopamine cells was detailed in this chapter.
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1.5.3 Part3 — Implantation of modified scaffolds with stem cell

transplantation

Chapter 5
Optimising implantation of electrospun PCL scaffolds with grafted neural stem cell

Chapter 5 focuses on the combination of scaffolds with primary neural cells together in vivo,
optimizing an efficient method to deliver both polymeric scaffolds and primary neural cells
with significant cell viability. Both in vitro and in vivo studies are investigated and discussed

in this chapter. It sets the foundation to the following studies.

Chapter 6

Promoting engraftment of transplanted neural stem cells/ progenitors using

biofunctionalised electrospun scaffolds

Chapter 6 is a research publication in the journal Biomaterials. The study establishes the
immobilisation of GDNF on electrospun scaffolds, showing concentration dependency. It
shows an increase in survival rate, neurite ingrowth and proliferation of neural stem cells
when implanting scaffolds with grafted neural stem cells in the brain for 28 days and

integration between implanted scaffolds, transplanted cells and host tissue.

Chapter 7

Composite scaffolds, functionalised with glial derived neurotrophic factor, support
dopaminergic neurons in vitro and promote graft integration in an animal model of

Parkinson’s disease

Chapter 7 is a research publication concentrating on the utilization of bioengineered scaffolds
combining hydrogel and short fibres of electrospun scaffolds immobilized with GDNF, with

grafted primary neural cells into an animal model of Parkinson’s disease.
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1.5.4 Part 4- Conclusion and future directions

Chapter 8
Conclusion and future direction
Chapter 8 is a conclusion of the thesis, giving an overview of the research projects and a

summary of the results and a discussion of future directions.
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1.6 OVERVIEW OF RESEARCH PROJECT SCOPE

Table 1.2 Overview of research project scope

Chapter 1

Hypothesis Aims Descriptions Thesis
1) GDNF can be|To investigate the | 1) Electrospun PCL scaffolds
chemically  immobilised | stability and of the | were fabricated with micron
onto electrospun  PCL | immobilised protein on | size.
scaffolds, which can be a | polymeric scaffolds and | 2) The  scaffolds  were
long lasting  delivery | the bio-functionality. immobilised with GNDF.
system without 3) The stability of tethered
degradation. GDNF was tested by ELISA. Chapter 4
2) Tethered GDNF can 4) Ventral midbrain cells were
promote cell viability of cultured on the scaffolds to
ventral midbrain cells and exam the viability and
increase the population of differentiation.
dopamine cells in cultures
when compared to the
absence of GDNF.
Biocompatible electrospun | To optimise the method | 1) Primary cortical cells were
scaffolds can be applied to | combining implantation | cultured on PCL scaffolds to
deliver neural primary | of polymeric scaffolds | test the biocompatibility.
neural cells with adequate | and transplantation of | 2) Scaffolds with cultured cells
physical support in vivo, | primary neural cells. were rolled to test the
which can allow neurite methodology. Chapter 5
penetration through 3) Scaffolds were implanted
scaffolds with micro size. while primary neural cells
were transplanted in vivo and
evaluated.
Electrospun PCL scaffolds | To estimate the effects | GDNF immobilisation was
immobilised with GDNF | on both grafted and host | confirmed.
can promote grafted neural | tissue after implanting | Primary cortical cells were
stem cell survival and | the electrospun scaffolds | cultured on modified scaffolds
enhance fibre innervation | immobilised with a | with GDNF. Chapter 6
in vivo with sufficient | neurotrophic factor. Modified  scaffolds  were
physical ~ support  and implanted with grafted primary
biological stimulus when neural cells in vivo, and
compared to cell evaluated.
transplantation alone and
unmodified scaffolds.
Xyloglucan can be utilised | To explore different | Electrospun scaffolds were
to encapsulate grafted | forms of polymeric | sonicated into short fibres.
primary neural cells in | scaffolds for | Ventral midbrain cells were
vivo.  Incorporation  of | implantation purpose in | cultured on the hybrid
tethered GDNF on short | order to create a less | scaffolds. Chapter 7
fibres can promote the | invasive technique, | Ventral midbrain cells were

process development in
vivo in the comparison with
the absence of GDNF

advance the implanted
materials and maximise
the survival rate of
transplanted cells.

encapsulated in hybrid
scaffolds for implantation in
vivo.
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2.1 ABSTRACT

Patients who experience injury to the central or peripheral nervous systems invariably suffer
from a range of dysfunctions due to the limited ability for repair and reconstruction of
damaged neural tissue. Whilst some treatment strategies can provide symptomatic
improvement of motor and cognitive function, they fail to repair the injured circuits and
rarely offer long-term disease modification. To this end, biological molecules, used in
combination with neural tissue engineering scaffolds, may provide feasible means to repair
damaged neural pathways. This review will focus on three promising classes of neural tissue
engineering scaffolds, namely hydrogels, electrospun nanofibres and self-assembling peptides.
Additionally, the importance and methods for presenting biologically relevant molecules such
as, neurotrophins, extracellular matrix proteins and protein-derived sequences that promote

neuronal survival, proliferation and neurite outgrowth into the lesion will be discussed.

KEY WORDS

neural tissue engineering, cell transplantation, stem cells, hydrogel, electrospinning, self-

assembling peptide, scaffold, biofunctionalisation, neurotrophins.
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2.2 INTRODUCTION

In adult mammals, damage to the central nervous system (CNS) is permanent due to a limited
ability to restore normal anatomy and function. In many instances regeneration after injury to
the peripheral nervous system (PNS) is also limited. As a result, patients with damage and/or
neurodegeneration in the CNS or PNS suffer from long-term disabilities which impact on
their quality of life. The need for effective/improved treatment strategies has resulted in the
emerging field of neural tissue engineering. Within this field a variety of scaffolds have been
investigated for their ability to support the regeneration of neural tissue following
injury/disease. Many of these materials have been functionalised with biological cues to
promote cell attachment, proliferation, differentiation and guided neurite outgrowth. Here,
numerous bioengineered scaffolds (including hydrogels, self-assembling peptides and
electrospun scaffolds) will be discussed. We will also review the different functionalisation
methods that have been employed for each material to provide a neurochemical environment
more conducive to neural tissue repair. Finally, we will briefly discuss the current therapies
and their limitation, highlighting the challenges and ultimate goals of scaffolds in neural

tissue engineering.

2.3 NEURAL TISSUE ENGINEERING SCAFFOLDS

Recent developments in neural tissue engineering are providing an optimistic outlook for
improved repair of damaged neural pathways, however further knowledge of disease
progression, regenerative processes, cell replacement therapy strategies, coupled with

advances in scaffold technology are necessary. Here, we outline some of the current
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biomaterials that are employed for the manufacture of neural scaffolds.

Scaffolds can be engineered to promote repair of damaged neural tissues in a variety of
manners including: providing physical support for residual neurons around the injury site,
delivering trophic factors [1, 2], assisting in the deployment and maintenance of replacement
cells [3, 4], contact guidance for directed axonal outgrowth [5, 6] and minimising hostile
inflammatory reactions [7, 8]. In order to achieve these, a number of requirements must be

satisfied, including biocompatibility, mechanical properties, and possibly biodegradability [9].

Equal weight should be given to materials selection and scaffold morphology, which
potentially will be injury and/or disease specific, as both play an important role in controlling
neural regeneration. Material type and scaffold architecture go hand in hand in directing and
controlling the migration, differentiation and proliferation of neural cells, whether they are
transplanted or endogenous [9]. In the following section we will discuss a number of different

scaffolds, including their advantages and disadvantages, to support neural repair.

2.3.1 Hydrogels

A hydrogel is a colloidal state of matter consisting of a solid network which retains large
amounts of water without dissolution. They can be either natural or synthetic polymers that
form a three-dimensional crosslinked network within the dispersant, resulting in a material
that can be engineered to have similar mechanical properties to tissue. Hydrogels have been
employed as scaffolds for decades in applications including: wound dressings [10], drug
delivery [11], cell encapsulation [12], artificial organs [13] and as tissue engineering matrices

[14, 15]. Hydrogels can be classified as chemical (where covalent bonding is responsible for
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crosslinking) or physical (where secondary bonding between the polymer chains is
responsible for network formation) [16]. In addition, the network and chemical composition
of hydrogels can also be readily modified to vary the properties of the scaffold, such as

degradation rate and mechanical properties.

One of the essential features of tissue engineering scaffolds is that the mechanical and
biological properties mimic the local cell environment. Similarities between the scaffold and
endogenous tissue can facilitate cell migration and neurite growth into the scaffold, reduce
inflammation, as well as encourage proliferation and differentiation [7, 17-19]. Hydrogels
also have the advantage of tuneable water uptake (swelling) and diffusion rates that will
facilitate oxygen and nutrient flow, mimicking some of the features of endogenous tissue.
These features can be utilised to increase neural cell migration, adhesion and ultimately

regeneration [14, 18, 20, 21].

Mechanical and structural characteristics of hydrogels can have a dramatic effect on
regeneration, altering cellular proliferation, differentiation as well as morphology and neurite
extension. This is especially important when considering biodegradable hydrogels where
degradation could result in void formation and subsequent tissue collapse. Biodegradation
rates can be controlled by chemical or physical crosslinkng during synthesis [19, 22], but it
will inadvertently influence the mechanical properties [23] and cellular response. For
instance, the elastic modulus of photopolymerisable methacrylamide chitosan (MAC) films
affects the proliferation, differentiation and maturation of neural stem progenitor cells (NSPC)
[24]. A higher percentage of astrocytes and neurons were observed on hydrogel surfaces
when the stiffness was less than 1 kPa; and as the stiffness increased to 7 kPa, the percentage

of oligodendrocytes increased to about 70% [24].
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Neurite elongation is also sensitive to charge, with positively charged hydrogels such as
chitosan-coupled agarose increasing the length of neurites of chick embryonic dorsal root
ganglia, while negatively charged materials, such as alginate-coupled agarose hydrogels,
decreasing neurite length [25]. We have shown an increase in neurite outgrowth from primary
cortical neurons and neurospheres (Figure 2.1) grown on xyloglucan hydrogels when
positively charged poly(D-lysine) (PDL) was anchored to the xyloglucan backbone [21].
Similarly, thermally sensitive chitosan/glycerophosphate salt (Chi/ GP) hydrogel scaffolds
were also modified with PDL, demonstrating a pronounced effect on cell survival and neurite
development within specific doses of PDL, as shown in Figure 2.2 [26]. Furthermore,
significant cell migration of astrocytes and neurite in-growth were observed in vivo when
xyloglucan hydrogels modified with increased concentrations of PDL (xyloglucan/PDL:
90/10, 50/50 and 100 wt/wt%) were implanted in the brain of adult rats [27]. Interestingly,
neurite in-growth corresponded to the concentration of PDL grafted on the hydrogels, which
was directly proportional to the number of astrocytes. This neurite growth could be attributed
to laminin deposition secreted from astrocytes [27]. Similar results were shown in another
study, where neurites and astrocytes were co-localised in poly[N-(2-hydroxypropyl)-
methacrylamide] (PHPMA) hydrogels implanted in the brain of rats with fimbria-fornix
lesions [28]. These studies highlight the important trophic role astrocytes play in regeneration,
discussed later. Table 2.1 summarises a number of studies using various hydrogels with

different biomolecular modifications or drug encapsulation for neural tissue engineering.
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200pm

Figure 2.1 The morphology of neurospheres cultured on thermoresponsive xyloglucan blended with
different degrees of poly(D-lysine) grafting. Polylysine control (A), 50:50 xyloglucan-graft-PDL (B)
and 100% xyloglucan-graft-PDL (C) [21] (the figure has been modified).

T
*k

300t
@ 257 oo
20 £ 250¢
g £ 20F o £
SO0 €0 200t
=2 15} £
5~ |- S e 1501
o N\ s g
2F 1.0 N\ 38 100
- T — 7
22 A\ Se
= 0.5 e 2 50
L
0.0 T T t T T M\N T 0]
R R R <SRRI T SRTc S c 3
\;C;{Q. \;C‘S\\. \;C‘r{\\. \:G \ \;C‘S\\. \,ﬁ{\\.o\’d{\\ \;G
BRSO S S R
o OQ‘\ A A AQ o )\()() o 0-0\
(A) Material (B) Material

Figure 2.2 Cell viability and neurite outgrowth of foetal mouse cortical cells seeded in 3D chitosan
(chi)/ glycerophosphate salt (GP) hydrogels with PDL modification [26].
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Table 2.1 Hydrogels, biofunctionalisation and their application in neural tissue engineering

Hydrogel Biomolecule Cell type/ location of Ref.
_ ~implantation) _

Chitosan/glycerophosphate ~ PDL Foetal mouse cortical cells [26]

Polyacrylamide Fibronectin, laminin, Rat astroglioma cell, primary rat  [29]
biotin-IKVAV hippocampal neurons

Pluronic F127, Matrigel, Human fetal NSCs [30]

PuraMatrix

Collagen Rat embryonic hippocampal [31]

neurons

Acrylated PLA-b-PEG-b- NT-3 Male rat (spinal cord) [8]

PLA

P(HEMA-co-MMA) Collagen, fibrin, FGF-1, Female rat (spinal cord) [32]
NT-3

Agarose/ alginate Embryonic rat cortical neurons  [33]

HAc-based hydrogel BDNF Rat neurosphere-forming cells [34]

PHPMA Arg-Gly-Asp Female rat (spinal cord) [35]

HAMC PLGA (loaded drug) Female rat (spinal cord) [36]

Xyloglucan PDL Male rat (caudate putamen) [27]

PHPMA Glucosamines N-acetyl- Female rat (septum- [28]
glucosamines hippocampus)

Abbreviations: isolucine-lysine-valine-alanine-valine (IKVAV), neural stem cells (NSCs), poly(2-
hydroxyethyl methacrylate-co-methyl methacrylate) [P(HEMA-co-MMA)], fibroblast growth factor-1
(FGF-1), neurotrophin-3 (NT-3), polyethylene glycol diacrylate (PEGDA), brain-derived neurotrophic
factor (BDNF), hyaluronic acid (HAc), poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA),
hyaluronan methylcellulose (HAMC), poly(lactide-co-glycolide) (PLGA).

2.3.2 Electrospun scaffolds

Electrospinning is a common top-down nanofabrication method that is utilised in neural
tissue engineering for the production of nanofibrous scaffolds [37-40]. Electrospun scaffolds
consist of a nanofibrous mesh formed by uniaxial stretching of a viscoelastic polymer
solution under an applied voltage. These nanoscaffolds are attractive, as it is believed that
they mimic some of the essential features of the extracellular matrix (ECM, ca. fibrous
morphology) [41-45]. In recent years there has been rapid advancements made in the

production of these fibrous scaffolds including structural morphology and surface
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functionality [46]. During electrospinning, the morphology of the fibrous scaffold can be
optimised using a number of different variables, such as the pump speed [47], voltage [48],
working distance [49], ambiance (temperature, humidity, atmosphere) [50] solvent type [51],
collection device [52] and material properties such as type, concentration, viscosity,
molecular weight and conductivity [53-55]. Electrospinning offers flexibility in combining
and manipulating these variables to produce the desired product. For more information
regarding the electrospinning process and characterisation of electrospun scaffolds, the

interested reader is directed to the following reviews [40, 56, 57].

Electrospun scaffolds have three dimensional fibrous architectures, high surface areas and
interconnected porosity making them an attractive option for the fabrication of neural tissue
engineering scaffolds [5, 58, 59]. Nanofibres influence, and in some cases control neural cell
adhesion, infiltration, differentiation, proliferation, and neurite elongation [53, 54, 60, 61].
Electrospun scaffolds can be produced from a range of naturally derived and synthetic
polymers for neural tissue engineering (Table 2). Naturally derived polymers generally have
superior biocompatibility and biodegradability characteristics compared to synthetic
polymers but often at the expense of mechanical properties. However, it is generally more
difficult to electrospin naturally derived polymers, with synthetic polymers having the added
advantage in that their mechanical properties can be manipulated to a larger degree [60].
Synthetic and natural polymers can be blended to capitalise on the benefits of both types of
materials [62]. The materials selection and engineering of electrospun scaffolds is critical to
attempt to avoid a chronic inflammatory reaction, whilst also encouraging neural cell
adhesion, proliferation, differentiation and infiltration to facilitate long term neural

reconstruction [63].
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Fibre diameter, orientation and density also influence cell viability, morphology and function
[64-67]. Aligned electrospun scaffolds produced from poly(e-caprolactone) (PCL) have been
used to control the neurite orientation of human Schwann cells (hSCs) (Figure 2.3) [68].
While hSCs seeded on PCL films had spread cell morphologies and extend more widely
compared to cells cultured on electrospun PCL fibres [68], the cytoskeleton can be modified
in 3D using topographic guidance, in this instance by using randomly orientated and aligned
fibres [69]. Similar results were observed for other types of neural cells, such as rat dorsal
root ganglia (DRGs) and mouse cerebellum C17.2 stem cells [65, 69-71]. Yang et al. also
discovered that the neurites of cerebellum C17.2 stem cell cultured on aligned poly(L-lactic
acid) (PLLA) scaffolds elongate in the direction of fibre alignment, following contact
guidance [65]. The degree of alignment and porosity of fibrous scaffolds are interrelated:;
fully aligned electrospun fibres have very small interfibre spacings as a result of increased
density, which has a significant influence on cellular behaviour. When the density of aligned
electrospun poly(L-lactide) fibres was increased the neurite density from chick embryonic
dorsal root ganglia (DRGs) was also enhanced (Figure 2.4) [64]. However, despite this there
was no significant difference in neurite length following density changes [64]. We have also
shown that neurites of embryonic cortical neurons cultured in vitro follow the direction of
electrospun fibres when the distance between them was greater than 15 um. Neurites were
shown to travel across fibres when the interfibre distance was between 2 and 15 pm, and
avoid areas with interfibre distance smaller than 1 um [39]. Electrospun PCL scaffolds with
random and partially aligned morphologies have also been implanted in the rat brain, with
random fibre morphology allowing neurite infiltration after 60 days, whereas partially

aligned scaffolds did not (Figure 2.5) [38].
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Another parameter that may be crucial in neural tissue engineering is the fibre diameter.
Electrospun fibres ranging in diameter from 1um to Sum may be optimal for directing neurite
outgrowth on aligned electrospun scaffold, as there were minimal instances where neurites
crossed individual electrospun fibres. [64]. This has also been shown for neurites extending
from mouse cerebellum c17.2 stem cells where PLLA aligned nanofibres were superior at
directing elongation compared to microfibres [65]. However, it is possible that the effects

observed occur due to the fibre diameters influencing the density of the scaffolds

Table 2.2.Electrospun natural and synthetic polymers for neural tissue engineering

Po Dla D G 0
adpp allo
Natural polymer
Chitosan 0.7+ 0.502;0.126 + 0.02  Murine Schwann cells into [72, 73]
injured sciatic nerve of rats
Laminin 0.1416 (5%) Human adipose stem cells * [74]
Silk fibroin 0.404 —1.977 Rat bone marrow MSC, vascular  [75]
endothelia cells, neurons
Synthetic polymer
PLLA 0.15-0.5 (2%), 0.8-3 (5%);  Mouse cerebellum stem cells [65, 76]
1.325 +0.383, c17.2; chick DRG, Schwann cells
0.759 + 0.179,
0.293 + 0.065
PCL; PCL/PEG 0.45 + 0.1 (partially Implantation of MSC into rat [38, 77]
aligned), 0.35 + 0.125 caudate putamen *
(random)
PLGA 0.76+0.30 ; 0.25+ 0.11 Mouse cortical neurons; Rat [39, 78]
(aligned), 0.36+0.13 pheochromocytoma 12 cells
(random) (PC12)
Composite polymer
PCL/ gelatin 0.113 £ 0.033 (PCL/gel. Nerve stem cells (c17.2 cells) [79]
50:50), 0.189 + 0.056
(PCL/gel. 70:30),
0.431 + 0.118 (PCL)
PCL/Collagen; 0.541+0.164; 0.23 £ 0.031  Chick DRGs, Schwann cells; [71, 80]
PLCL /Collagen MSCs
PCL/ chitosan 0.63 (PCL), Rat Schwann cells (RT4-D6P2T)  [62]
0.45 (chitosan),
0.19 (PCL/chitosan)
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Film (Day 7) Random (Day 7) Aligned (Day 3)

Fluorescent/ light overlay

Figure 2.3 .Human Schwann cells cultured on PCL films and electrospun scaffolds with aligned and
random fibre orientation. Cells were stained with actin cytoskeleton (green), highlighting the
orientation of neuritic processes, and DAPI (blue), to identify cell nuclei within culture [68] (the

figure has been modified).

Figure 2.4 The influence of fibre density on neurite outgrowth and neurite length (neurofilament

staining) after 5 days of culturing DRG cells on low density (A) and higher density (B) electrospun
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PLLA fibres. An increase in electrospun nanofibre density increased the density of neurites [64] (the

figure has been modified).

Figure 2.5 Neurofilament staining (green) was used to visualize neurite penertration
into electrospun PCL scaffolds with random orientation (A) and, scaffolds with partial
alignment (B). Dotted line represents the border the the scaffold. Note, neurites

readily penetrated PCL scaffolds of random but not aligned fibre orientation [38].

2.3.3 Self-assembling peptide scaffolds

The self-assembling peptide scaffolds have been applied in tissue engineering including bone,
nerve and cartilage regeneration and reconstruction [81, 82]. Self-assembly is driven by non-
covalent bonding and spontaneous organisation of peptides into nanostructures such as
nanotubes, vesicles, nanofibres, helical ribbons and B-sheets (Figure 2.6a). This organisation
can be triggered by changes in temperature, pH, or ionic strength [82-84]. Self assembling
peptides are often amphiphilic with hydrophobic terminals self organising to form the core of
a nanofibre, and the hydrophilic terminals forming the outer layer which can interact with

water molecules; therefore self assembling peptide scaffolds can contain up to 99.9% water
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and form a hydrogel matrix [85]. Additionally, self-assembling peptide scaffolds can be
functionalised with different biological molecules such as the laminin sequence, IKVAYV,
which increases cell attachment and neurite extension [83, 86, 87]. Self-assembling peptide

scaffolds that have been used in neural tissue engineering are summarised in Table 2.3.

Figure 2.6 shows the uniform structure of self-assembled nanofibres composed of peptide
amphiphilic molecules. The fibre diameters formed are typically 10 to 20 nm and the porosity
can vary from about 5 to 200 nm [88]. Self-assembling peptide amphiphile (PA) scaffolds
(based on RADAL6-1 peptide) with a diameter of approximatley 10 nm have previously been
implanted into the injured cortex where they facilitated regeneration. This regeneration was
evident by the absence of cavities 6 weeks after implantation, compared to saline injected
animals (Figure 2.7) [89]. The hydrogel reduced the extent of secondary injury, possibly due
to its ability to promote rapid haemostasis, angiogenesis, reduce the amount of gliosis and
facilitate cells migration into the lesion. Yang et al. investigated amphiphilic diblock
copolypeptide hydrogels (DCHs) composed of poly(L-leucine) (L) and poly(L-lysine) (K)
with different concentrations [90]. An increase in cell migration and proliferation of
oligodendrocytes, astrocytes, microglia as well as angiogenesis were evident in the hydrogel
after implantation in the caudate putamen nucleus (CPN) of mice brains. However, no

significant neurite outgrowth was detected in the scaffolds after 8 weeks [90].

Cellular regeneration and proliferation has also been demonstrated using rat PC12 cells
cultured within self-assembling scaffolds, (RADA)3;IKVAV(RADA); and (RADA)/IKVAV
(Figure 2.8) [87]. The self assembling peptide (RADA);IKVAV(RADA); significantly
increased the number of rat PC12 cells after 7 days compared to (RADA);IKVAV and

(RADA), based scaffolds (without IKVAV), demonstrating that the position of the IKVAV
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epitope in the peptide is important. Additionally cell viability was maintained in the
(RADA);IKVAV(RADA); scaffolds for day 28. However, no neurite outgrowth was evident
in this case either, yet it was evident in 2D culture conditions, presumable due to a lack of

signal polarity or the small pore size of the hydrogel restricting neurite outgrowth.

Table 2.3 Self assembling peptides for neural tissue engineering

Peptides Biological Fibre In vitro/ vivo

recognition diameter
.. moecye
C16H3:0-NH- IKVAV 7-8 nm Rat DRG, rat DRGn [86]
AAAGGGEIKVAV-
COOH (IKVAV PA)

RADA16-1 10 nm Schwann cells, NPCs [91]
bsp-RGD(15), GRGDSP RGD Adult hippocampal NSCs [92]
RAD16-1/ RAD16-11 10-20 nm Rat PC12 cells, mouse [93]

cerebellar neurons, mouse/
rat hippocampal neurons

CCCCGGGS"®RGD IKVAV Mice (spinal cord injury) [88]

RADA IKVAV Rat PC12 cells [87]

RADA16-1 IKVAV 10 nm Rats (cortex) [89]

RADAL16 10 nm Adult rat NSCs [94]

CCCCGGGS""RGD IKVAV 5-8 um Murine NPCs [95]

RAD16-I 10 nm Young/ adult hamsters [96]
(midbrain SC)

Abbreviations: dorsal root ganglions (DRG) and neurons (DRGn), Arg-Gly-Asp (RGD), Arg-Ala-
Asp-Ala(RADA), neural progenitor cells (NPCs), GGGNGEPRGDTYRAY [bsp-RGD(15)], superior
colliculus (SC)

Figure 2.6 Schematic showing a cross-sectional view of self assembling peptide-amphiphile (PA)
nanofibres presenting the laminin epitope IKVAV at the hydrophilic terminus. (a); and the scanning
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electron micrograph of the nanofibre scaffold (b). Scale bar = 200 nm [88].

Saline self-assembling peptide

Figure 2.7 Cortical tissue regeneration and reconstruction: control group treated by injection of saline
(A, B and C) and experimental group treated with self assembling scaffolds (RADA); (D, E right and
F). C and F show Nissl staining (cell RNA in the rough endoplasmic reticulum of nuclei) and DAPI
(nuclei) double staining. Scale bar: A,B,D,E= 100 um; C, F= 500 um [89] (the figure has been
modified).
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Figure 2.8 Cell proliferation and viability of PC12 cells cultured on self-assembling peptide scaffolds
biofunctionalised with the laminin epitope IKVAV. ;IKVAV; represents (RADA);IKVAV(RADA);
and 4IKVAV represents (RADA)KVAV. Increased proliferation is evident when the IKVAYV is
inserted between RADA sequences (31IKVVAV3) compared to the end of the peptide chain (;3KVAV).
The base matrix (RADA), lacks the IKVAV epitope [87].

2.4 BIOFUNCTIONALISATION OF SCAFFOLDS

The ultimate goal of neural tissue engineering is to promote cell survival and integration
(including neurite outgrowth, guidance and connectivity) of endogenous or exogenous cells
into the injured site in order to repair damaged neural tissue. While to some extent this can be
achieved through optimising the morphology and the mechanical properties of the scaffold,
biomolecular stimulation may also be essential. By delivering appropriate biological
molecules to target tissues, we can move closer towards the fabrication of niche cellular
microenvironments that are necessary to modulate neuronal behaviour. Here, we will discuss
different biological stimulators that have been employed in neural tissue engineering, as well

as the methods of biofunctionalisation.
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2.4.1 Biological molecules for neural tissue engineering

The selection of suitable biological molecules to tether or release from scaffolds is reliant on
the target tissue. The common types of molecules that have been utilised in neural tissue
engineering include neurotrophins, such as brain derived neurotrophic factor (BDNF) [46]
and nerve growth factor (NGF) [97], peptides sequences, such as laminin derived IKVAV
[98], or ECM proteins, such as collagen 1, fibronectin and laminin [99-101]. There are a
variety of methods employed for the biofunctionalisation of scaffolds, such as covalent
crosslinking, blending and physical adsorption. The method of biofunctionalisation depends
on the property and chemistry of scaffolds and the nature of binding molecules. An
appropriate presentation method should maximise the bioactivity of the scaffold [102, 103]
and minimise chronic inflammatory reactions after implantation [27]. For instance,
covalently immobilised growth factors may amplify their trophic effect compared to soluble
analouges due to multivalency, prevention of protein internalisation, as well as the
comparatively high local concentrations of the growth factor on the scaffold surface
compared to delivery in solution [104]. Interestingly immobilisation of growth factors can
activate different signalling pathways compared to soluble factors. For instance, sustained
signalling from immobilised epidermal growth factor (EGF) to PC12 cells induced
differentiation and neurite formation, whereas soluble EGF stimulated cell proliferation [105].
Whilst there are numerous molecules and proteins that can influence cell proliferation,

differentiation and migration, we will focus on neurotrophins.

2.4.1.1 Neurotrophins

Neurotrophins are a family of proteins that have multiple functions in the CNS and PNS,

including promoting survival, proliferation, differentiation, axonal outgrowth, synaptogenesis
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and even apoptosis under certain conditions [106, 107]. Neurotrophins have similar structures,
and include BDNF, NGF, neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) [108, 109].
They are synthesised in the brain in variable quantities and with regional distribution [110].
There are two types of neurotrophin receptors, tyrosine kinase (Trk) receptors and the p75
neurotrophin receptor (p75NTR). Some neurotrophin receptors, such as p75, bind to different
neurotrophins, whilst others are neurotrophin specific [111]. Therefore, it is important to
consider the receptors that are specific to each individual neural cell type so that an

appropriate neurotrophin can be selected prior to scaffold functionalisation.

In the PNS, NGF, BDNF and NT-3 are crucial factors for controlling neuron differentiation
and survival. NT-3 expression can be observed during embryogenesis, where it facilitates cell
proliferation [112] and supports the differentiation of new neurons and synaptogenesis. For
instance, along with BDNF, it is necessary for inner ear innervations during embryonic
development [113]. During the early stage of the prenatal development, NT-3 encourages the
survival and differentiation of sensory neurons which shifts to rely mainly on NGF upon
maturity [114]. Additionally, BDNF acts to support dorsal root ganglion (DRG) and other
sensory neurons [113]. As the postnatal PNS develops the role of neurotrophins transfers
from encouraging neuronal survival to facilitating neuronal differentiation [114]. Whilst the
roles of neurotrophins in development of the CNS and PNS are highlighted here, it is equally
important that these proteins are present in neural repair — processes that are likely to
recapitulate the events of development. Finally, several neurotrophins have also been shown

to protect neurons after CNS and PNS injury [112].

Neurotrophins have been widely employed in neural tissue engineering. However, the

efficiency of neural reconstruction varies with the concentration and delivery of the
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neurotrophin. In addition, their combination with biomaterials used to fabricate neural tissue
engineering scaffolds i.e. stable coupling and/or encapsulation, is also an important design

consideration.

A number of studies have biofunctionalised scaffolds using NGF. Krewson et al. encapsulated
NGF into poly(ethylene-co-vinyl acetate) (EVAc) hydrogels and showed that it had a positive
influence on neurite outgrowth from PC12 cells cultured on the surface of the hydrogels
[115]. However recently, NGF has successfully been immobilised onto the surface of
scaffolds, preventing cell internalisation [1]. It was proposed that the signalling vehicles
containing phosphorylated TrkA (and not the NGF) may provide signalling for axonal
outgrowth and survival. The concentration of chemically immobilised NGF has a pronounced
affect on the survival of cervical ganglia (SCG) neurons and gradients of immobilised NGF
could provide guidance cues to axons and increase the density of axon branching without an
internalisation of NGF into neurons [1]. Similarly, aligned and random electrospun scaffolds
produced from poly(ethylene glycol) and poly(e-caprolactone) (PCL-PEG) copolymers were
biofunctionalised with NGF via covalent attachment. This results in enhanced neurite
elongation and alignment of mesenchymal stem cells (MSCs) compared to non-
biofunctionalised scaffolds [77]. Accumulative release of NGF from silk fibroin scaffolds has
also been achieved and shown to be bioactive in the presence of PC12 cells [116].
Additionally, studies have examined the effects of presenting combinations of neurotrophins.
In this regard NGF and NT-3 gradients, immobilised on poly(2-hydroxyethyl-methacrylate)
scaffolds, promoted neurite elongation from DRG neurons, highlighting the potential for such

strategies in the spinal cord and peripheral nerve injuries [97].
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Furthermore, we have shown that BDNF immobilised on electrospun PCL scaffolds
enhanced NSCs proliferation and was superior in supporting cortical neural stem cells and
controlling their lineage specification compared with soluble protein used in culture with
cells plated on the electropun scaffolds without tethered BDNF [46]. In an in vivo study for
the reconstruction of the rat spinal cord, BDNF was engineered with a polypeptide,
TKKTLRT, which specifically binds to collagen, allowing sustained release from aligned
fibrous collagen scaffolds and overcoming the short half life (ca. 30 min) of BDNF in vivo
[117]. Nerve filaments in the vicinity of the injury were greater when BDNF was released
from collagen scaffolds compared to the collagen control group after 15 weeks [117].
Saltzman and coworkers fabricated poly(ethylene vinyl acetate) (EVAc) and alginate
scaffolds with varying concentrations and continuous release rates of BDNF for implantation
into the dorsal hippocampus of rats [118]. This study highlights the importance of dose and
the duration of the delivery of trophic factors, as desensitisation and down regulation of
neuron plasticity were observed after a continuous delivery of BDNF. Hence, it is critical to
optimise the appropriate dose of specific neurotrophins released or presented on scaffolds for

the future development of neural tissue engineering.

2.4.1.2 ECM proteins and protein derived sequences

Cellular activity is regulated by interactions with the surrounding ECM. While the ECM is
unique for each tissue type, it typically consists of fibronectin (FN), laminin (LM), collagen,
tenascin and thrombospondin [119]. Laminin, tenascin and thrombospondin can encourage
cell proliferation [100], whilst laminin and collagens modulate the differentiation of neural
precursor cells into neurons and can also influence cell adhesion and neurite growth [99, 120].
However, in the brain there are low levels of fibrous proteins, as the ECM is predominantly

composed of lecticans, proteoglycans, hyaluronic acid, and tenascins [121]. These play a
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crucial role during axonal elongation, neuron differentiation and migration in both the CNS
and PNS, and are therefore likely to be important in neural repair. For instance, during
development of the spinal cord, various ECM molecules, (including LM, S-laminincollagen
and F-spondin) have a tightly regulated temporal and spatial expression pattern to control the

migration of growth cones and hence axonal elongation and neuron migration [101].

Many ECM molecules have been used to biofunctionalise synthetic scaffolds to fabricate
neural tissue analogues, as an attempt to replicate developmental steps and encourage
regeneration in the adult brain. For instance, laminin gradients deposited on the surface of
electrospun blends of PCL and PEG increased the number of attached Schwann cells,
highlighting the potential to direct neurite outgrowth in PNS injuries [122]. Laminin derived
peptides CYIGSR and CSIKVAV have also been attached on lysine capped PLLA [K-
(CH2)n-PLLA] films for the culture of mouse cerebellum c17.2 stem cells [123]. Superior
cell viability and attachment was observed on the modified film after 5 days compared to the
unmodified PLLA films and the tissue culture plate control. Furthermore the morphology of
neurons and extent of neurite outgrowth increased on the peptide modified PLLA films.
Similarly, hydrogels composed of copolymers of 2-hydroxylethyl methacrylate and 2-
aminoethyl methacrylate, poly(HEMA-co-AEMA), have been biofunctionalised with two
laminin derived oligopeptides, CDPGYIGSR and CQAASIKVAV [124]. Biofunctionalised
hydrogels increased both cell number and neurite length of primary chick DRGs compared to

the unmodified scaffold [124].

Table 2.4 shows a variety of recent studies that have used different biological molecules for

scaffold biofunctionalisation. Additionally, different biofunctionalisation methods, such as

covalent and non-covalent crosslinking, co-electrospinning and physical adsorption, is
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Table 2.4 Biofunctionalised scaffolds for neural tissue engineering

Scaffolds

Biomolecule/ peptide/ cell

In vitro/

Results

Chapter 2

& preparation

addition & biofunctionalisation

in vivo

P(MMA-co-AA); Collagen type I; EDC/ NHS Rat cortical Cell attachment, cell [125]
electrospinning activation (amino groups) NSCs spread, cell viability
PCL-PEG- Ferritin-LN (EDC/ NHS Schwann Cell attachment, [122]
DIAMINE; activation); external magnetic cells cell number
electrospinning field (LN attachment/ gradient)

Polypyrrole (PPy); Chick Neurite length: aligned  [126]

polymerisation embryo Fibres (1723+339 um)/
PCL, PLA; DRGs randomly orientated
electrospinning fibres (946+164pum)
PDL; IKVAV peptide-amphiphile Rat DRGs, Cell viability, neuron [86]
PDL solution coated  (self-assembly); electric DRGn adhesion, neurite
on coverslips crosslinking outgrowth
P(HEMA-co- CDPGYIGSR/ CQAASIKVAV  Primary Cell adhesion, neurite [124]
AEMA); ( LN-derived oligopeptides); chick DRGs  outgrowth
copolymerisation covalent crosslinking (sulfo-

SMCC)
Fibrin; Bidomain peptide (Factor RW4 mouse  Cell differentiation [127]
polymerisation Xll1a)/ heparin/ NT-3, PDGF; embryonic (neural progenitors,

covalent/ noncovalent SCs neurons,

crosslinking oligodendrocytes)
Silk fibroin; NGF; air dried, freeze dry (-20, PC12 cells Cell differentiation, [116]
air-dried (film), -196 C)
freeze-dried (tube)
PDLLA; frozen BDNF; dissolve in polymer Female Cell survival/ [128]
(liquid nitrogen), solution Fischer rats  angiogenesis, no much
freeze-dried axonal regeneration
PLGA; FITC-D, primary SCs; dissolve ~ Female AXon regeneration [129]
injection molding in polymer solution Sprague-

Dawley rats
Poly(Dex-MA-co- CRGDS, CDPGYIGSR/ Chick Cell adhesion, neurite  [98]
AEMA); CQAASIKVAV; physical embryos outgrowth, cell
copolymerisation adsorption DRGs penetration
PLGA/PLLA; RA, NGF, NT-3; medium hESC Cell number, maturity,  [107]
salt-leaching process  supplements cell differentiation
(nestin, BIII-tubulin)

PLLA; LN; covalent crosslinking, Rat PC12 Cell viability, neurite [130]
electrospinning physical adsorption, cells outgrowth, axon

co-electrospinning extension
PLA film; hot AG73-Gs- (PPG)s; hydrophobic  PC12 cells Neurite outgrowth [131]
shrinking machine adsorption
Lysine-capped CYIGSR/CSIKVAV; covalent Mouse Cell viability, neurite [123]
PLLA/PLLA; crosslinking (sulfo-SMCC) cerebellum outgrowth
drop-cast C17.2 SCs
RADAL6-I peptide Schwann cells/ NPCs Femalerats  Host cell migration, [91]
nanofibres; blood vessel growth,
self-assembly axon growth
RADAL16-I peptide Adult NSCs  Cell proliferation [132]
nanofibres;
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self-assembly

PEG-heparin hybrid RGD peptide/ FGF-2; covalent ~ Primary NSCs differentiation, [133]
gel; covalent (RGD)/ noncovalent (FGF-2) nerve cells, propagation, axon

crosslinking crosslinking NSCs, dendrite outgrowth

Wistar rats
PSF NGCs/ agarose ~ LN-1/ NGF; covalent Adult male Bridging peripheral [134]
hydrogels crosslinking (photochemical rats nerve gaps (20mm)
conjugation technique)
Collagen type | LN; adsorption/ freeze-dry Male rabbits  Nerve regeneration [135]

/gelatin/ nano-silver;
freeze-dried/
crosslinking
(Genipin)

Abbreviations: Poly(methyl methacrylate-co-acrylic acid) [P(MMA-co-AA)], laminin (LN), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride /N- Hydroxysuccinimide (EDC/NHS),
polycaprolactone- polyethylene glycol- diamine (PCL-PEG-DIAMINE), copolymer 2-hydroxylethyl
methacrylate/ 2-aminoethyl methacrylate [P(HEMA-co-AEMA)], sulfo-(N-maleimidomethyl)
cyclohexane-1 -carboxylate (sulfo-SMCC), platelet-derived growth factor (PDGF), poly(D,L-lactic
acid) (PDLLA/PLA), fluorescein isothyocyanate-dextran (FITC-D), copolymer methacrylated dextran
(Dex-MA)/ aminoethyl methacrylate (AEMA) [poly(Dex-MA-co-AEMA)], human embryonic stem
cells (hESC), retinoic acid (RA), hydroxyapatite (HAp), Cys-Tyr-lle-Gly-Ser-Arg (CYIGSR), Cys-
Ser-lle-Lys-Val-Ala-Val (CSIKVAV), poly(ethylene glycols) (PEG), basic fibroblast growth factor
(FGF-2), polysulfone (PSF), nerve guidance channels (NGCs)

2.5 SCAFFOLDS THAT PROMOTE REPAIR

In the preceding pages we have outlined a number of scaffolds, their functionalisation and the
associated affect on neural stem cells and their derivatives; predominantly in an in vitro
setting. This knowledge is instrumental in understanding the potential of neural tissue
engineering scaffolds for neural repair in vivo. Below, we briefly outline a number of neural
injuries, current therapies, limitations in current therapies and finally discuss the potential of

scaffolds to improve repair.
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2.5.1 Neural injuries and the common difficulty in current

therapy

Within the CNS and PNS, injury can be classified as acute (e.g. stroke, traumatic brain injury
(TBI), spinal cord injury (SCI) and peripheral nerve injury), or chronic injuries (for example
neurodegenerative disease including Parkinson’s disease (PD) and Huntington Disease). A
common feature in all neural injuries is the loss of neurons either due to the primary impact
or the subsequent secondary injury. Additionally the loss of supporting neural cells, such as
oligodendrocytes and astrocytes, can also occur. Such damage in the CNS is permanent due
to a limited ability to regenerate lost neural cells and a failure to restore normal physiological
functions [136, 137]. Although there are self repair processes within the PNS, self-restoration
depends on the segment of the injured peripheral nerve, intensity of injury, lesion distance
and, where applicable, timing of intervention/surgery [138, 139]. Damage to the CNS (and
instances of PNS injury) can result in motor, sensory, cognitive and/or autonomic dysfunction,

resulting in a variety of disabilities in patients.

Evidently there are various treatments for patients suffering from neural injuries, depending
on the type of injury. Unfortunately many of these are limited in their efficacy either from the
outset or with time (in the context of progressive neurodegenerative disorders). For example,
many neurodegenerative diseases, result in the loss of select cell populations and consequent
neurotransmission [140]. In this regard, therapies often focus on restoring this neurochemical
transmission through the administration of pharmacological agents that replace the
neurotransmitter, hyper-stimulate receptors or slow the degradation of residual transmitter in
the brain. Commonly these drugs are reliant on a residual population of neurons within the

brain, cells that are progressively degenerating and therefore treatments wane in efficacy with
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time. Furthermore, in some instances the side effects from these pharmacological drugs can
eventually be more debilitating than the disease itself. For example, L-DOPA (the precursor
in dopamine synthesis) is the most widely used drug in the treatment of PD that aims to
restore dopamine transmission in the brain [141]. However the majority of patients on the
drug develop unwanted excessive movements (dyskinesias) typically within 5 years of
treatment [142]. Furthermore levodopa is reliant on surviving dopamine neurons in the brain
to convert the precursor molecule to dopamine, a population of cells that are progressively

degenerating.

Alternative pharmacotherapies aim to slow the neurodegeneration by reducing toxic
molecules from the brain. For example in motor neuron disease too much of the
neurotransmitter glutamate is cytotoxic to motor neurons [143]. Drugs that block glutamate
release, such as amantadine, have been shown to modestly slow progression however also
present negative side effects [142]. Alternative efforts to slow disease progression have
investigated the possibility of infusing neurotrophins into the site of cell loss, however such
approaches are commonly reliant on the use of infusion cannula and pumps that can be

cumbersome and associated with additional tissue damage at the site of implantation [140].

Whilst trophic factors have been shown to slow disease progression in animal models of
neural injuries, it is often difficult to administer these compounds long term and in a
regulated releasing manor. Therefore there is a need for alternative approaches to protect
remaining cells, restore connectivity and continuously deliver controllable amount of trophic

factors for long term with minimal invasion.
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Stroke presents another neural injury that could benefit from the utilisation of scaffolds. In
stroke there is a ‘core’ area of severe ischemia, in which necrosis of neurons occurs, as a
result of altered blood flow in the brain. Surrounding the core is the ‘ischemic penumbra’; an
area also of reduced blood flow yet still viable cerebral tissue [144]. If this area is not treated
within hours it results in cavity formation through loss of tissue and there is no current
therapy to deal with this. Recently, plasma polymerised allylamine treated biodegradable
poly(lactic-co-glycolic acid) polymer particles, which can completely fill the resultant cavity,
were incorporated with neural stem cells and used as scaffolds for brain repair. It was
demonstrated that the scaffolds integrated well within the brain and formed primitive neural
tissue to fill the void [145]. Therefore, if a scaffold that mimics morphological features of the
brain parenchyma and releases neurotrophins with appropriate timing were implanted within
the cavity, it may be possible to promote endogenous repair through promoting angiongenesis,

cell survival and synapsogenesis.

Whilst we have highlighted a couple examples of treatments for neural injuries we direct the
readers to the following reviews for an overview of some of the current therapies for
neurodegenerative diseases [141, 142, 146, 147]. In all, current therapies for neural injuries
are limited. They fail to address the primary cell loss and have little effect on protecting
remaining cells, consequently offering no long term symptomatic relief or disease

modification.

In contrast to existing therapies, cell transplantation; either to deliver trophins and/or deliver
replacement cells provides hope for many neural injury sufferers. To date, PD has received
the most significant attention for cell replacement therapy (CRT), due to the localised nature

of cell loss and the fact that it is predominantly one cell type (dopamine neurons) that are
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required to restore motor function in patients [148]. However, Huntington’s disease (HD),
motor neuron disease (MND) and stroke are also examined for the plausibility of cell
replacement therapies (CRT), both in the laboratory and clinical trials. CRT involves the
transplantation of new neurons (e.g. dopamine neurons) to replace those lost as a
consequence of the disease [149]. These cells are commonly isolated from fetal tissue,
however there is increasing efforts to obtain transplantable cells from pluripotent stem cell
sources [150]. Excitingly, proof of principle for CRT in PD has been achieved using fetal
tissue enriched with dopamine neurons. These grafts were capable of partially reinnervating
the brain, releasing dopamine and inducing functional recovery for up to 10 years in some
patients [149]. However more detailed studies have revealed that CRT technologies require
further refinement before they can be employed as mainstream therapies [151]. Some of the
major caveats of CRT are limited tissue availability, reliability, poor cell survival and
insufficient graft innervation in the host brain [152]. Key efforts over the past 30 years have
focused on promoting the survival and appropriate integration of transplanted cells, namely

for PD, but more recently for other neural injuries.

Combining cell replacement therapy with the delivery of trophins could provide a more
conducive cellular microenvironment for repair. In addition to the reliance on cell therapy,
this could be enhanced through the use of tissue engineering scaffolds, whereby replacement
cells can be both physically supported by the scaffold as well as exposed to the appropriate

biological molecules that encourage the survival, differentiation and integration.
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2.6 THE POTENTIAL OF SCAFFOLDS IN NEURAL TISSUE
ENGINEERING

We have illustrated a number of limitations of the current therapies for neural injuries. The
future of CNS repair relies in efficiently protecting remaining neurons and glia cells,
replacing lost neurons and/or regulating inflammatory responses. It is proposed that scaffolds
may significantly improve neural repair in this regard, through the physical and trophic

support of endogenous and/or newly transplanted cells, as well as the regulation of scar tissue.

2.6.1 Promoting the survival and connectivity of remaining cells

through physical and trophic support

Polymeric scaffolds can act as a physical support to the remaining cells to promote survival,
proliferation and restore the connections between cells at the injured site. For example,
implantation of electrospun PCL scaffolds with random orientation in the brain of rats
resulted in endogenous neurite penetration of the scaffolds after 60 days [38]. Inverted
colloidal crystal (ICC) scaffolds, modified with two peptides and combined with bone
marrow stromal cells (BMSCs), has also been implanted into the injured spinal cord of rats,
neuron survival was promoted compared to BMSCs transplants alone [153]. Furthermore,
scaffolds can provide a chemical support by acting as a delivery system for trophic factors to
dominate or manipulate cell behaviour thereby promoting repair. A key advantage of using
scaffolds as a ‘delivery system’ is that it can be provided in a controlled spatial and temporal
manner without the need for current invasive approaches, such as implantation of infusion
probes. [142]. In many instances this can also have the concomitant influence of delivering

growth factors in a superior manner whilst also provided a synthetic ECM to better support
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residual endogenous and/or transplanted cells [46]. The delivered trophins can be chosen to
encourage cell proliferation and integration or suppress inhibitory molecules that prevent or
restrict axonal outgrowth and connectivity. For example, in amyotrophic lateral sclerosis,
where CNTF has been shown to reduce motor neuron death, implantation of polymer
capsules that encapsulated fetal cells were found to release CNTF demonstrating the clinic
relevance of tissue engineering scaffolds [154]. This encapsulated cell based therapy has been
shown as a potential method to overcome many of the side effects that arise from the
systemic delivery of growth factors. Hence, engineered scaffolds can encourage endogenous
neural repair by providing physical support for remaining neural cells and axons, as well as

trophic support to stimulate cell survival and connectivity.

Tissue engineering scaffolds could also be employed to recruit endogenous stem cells for
repair following neural injury. Within the adult brain there are two well described neurogenic
niches; the subventricular zone (SVZ) and the dentate gyrus (DG) of the hippocampus [155].
These areas generate a constant pool of stem cells. Moreover, following injury these niches
have been shown to up-regulate stem cell proliferation and migration into injury sites,
predominantly into the cortex and striatum. In particular the work of Arvidsson et al. showed
in an animal model of stroke that new neurons in the SVZ were redirected into the injury site,

differentiated and thereby promoted self-repair. [155].

According to more recent research, there are potentially other stem cell niches in the adult
brain however their existence remain a topic of debate [156, 157]. Regardless, neural repair
as a result of these residual stem cells is insufficient to negate the degenerative processes seen
in many neurodegenerative diseases or acute neural injuries. Therefore ways to boost the

production of stem cells within these niches, as well as the migration and differentiation of
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cells exiting the niche could see improved self repair process after neural injuries. It is well
established that various mitogens including leukemia inhibitory factor, EGF and fibroblast
growth factor-2, promote the proliferation of stem cells. Further, morphogens, such as TGF-
3B promote the migration of neuroblasts within the brain. Hence, the potential of scaffolds to
physically support the niche and provide additional mitogens and morphogens could lead to

enhanced stem cell turn over, migration and integration into injury sites.

2.6.2 Support the integration of newly transplanted cells

Tissue engineering scaffolds may also be employed to support transplanted cells. Similar to
promoting survival and integration of residual cells at the injury site, scaffolds can provide
physical and chemical support to transplanted cells. Transplanted cells require structural
support to survive and form appropriate connections within neural networks. In support, Park
et al. transplanted neural stem cells together with poly(glycolic acid) (PGA) scaffolds in an
animal model of hypoxia-ischemia (stroke). The results showed the ability of transplanted
cells to repopulation the lesion site, undergo cellular differentiation and reconstruction of
tissue connections [158]. Importantly, previous CRT studies in Parkinsonian rodents have
also demonstrated the benefit of residual cell for graft integration and survival [159]. Here,
the residual host fibres provided scaffolding for the axons of newly grafted neurons to climb
and connect with target tissues, thereby also prompting survival. In light of this knowledge,
improved scaffolding, provided by tissue engineered scaffolds, should enhance survival and
integration of transplanted cells. Recently, neural stem/progenitor cells (NSCPs) have been
combined with chitosan guidance channels and implanted into the injured spinal cord of adult
rats (a compression injury). Combining the transplantation of cells with chitosan channels
enhanced the survival of the NSCPs compared to when the cells were injected into lesion

cavity alone [160]. While this is a significant discovery further optimisation of the scaffold
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will be required, as there was no significant difference in functional recovery between the
groups. In this regard, chemical support from neural tissue engineering scaffolds will be
required to enhance the maintenance of transplanted cells, whilst allowing them to integrate

within the parenchyma and undertake reparative processes, synaptogensis etc.

2.6.3 Controlling inflammation, scar formation

and secondary injury

Another major consideration in neural repair is the role of inflammation. Following neural
injury there are two phases of glial cell proliferation; an early phase to remove dead cells, and
late phase for the delivery of trophins to promote repair. Many studies have shown the
detrimental influence of microglia activation on the survival of neurons [161] and even
axonal sprouting in the brain parenchyma that results following injury [162, 163]. The
administration of antibotics such as minocycline, which is known to inhibit microglia
activation, has been reported to increase neurogenesis in vivo [161]. However, the role of
microglia during adult neurogenesis has proven to be much more complex [164] with
neurogenesis depending on the degree of microglia activation, as in some instances microglia
have been shown to play a positive role through the secretion of neurotrophic molecules [165,
166]. Additionally, they can also support progenitor survival, proliferation, differentiation and

migration [164].

Similarly, astrocytes are activated during the inflammatory cascade. While astrocytes play a
cytotrophic role in the healthy brain, defending against tissue insult and clearing dead and
damaged cells to return to its homeostatic state following injury, they can also become
reactive [167] and are detrimental, as seen in MND [38]. Following injury astrocytes increase

the production of cytoskeletal filaments, which in the later stages can result in the formation
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of a scar (a dense fibrous collagenous membrane) that physically and biochemically impede

axonal regeneration within the parenchyma.

In the later stages of regeneration microglia and astrocytes contribute cytotrophically
providing nutrients such as glucose [38]. Therefore the activation of microglia and astrocytes
during the inflammatory cascade cannot be considered pro or anitneurogenic. The role of
microglia and astrocytes in inflammation must be further investigated, specifically the timing
and level (mild verses chronic) of the activation, to gain an understanding of the influences
that determine whether inflammation will play a defensive or trophic role towards
neurogenesis and neural repair. It will be essential to harness the trophic abilities or glia cells
activated during the cascade of inflammatory events to encourage the survival of neuronal

progenitor cells and associated neurogenesis and recovery in the adult.

2.6.4 Secondary injury

In instances of acute neural injury, the initial tissue insult is generally followed by a cascade
of impairments, referred to as secondary injury, which is the main cause of subsequent
neuron death [146]. For example, in TBI, secondary injuries include cerebral oedema or brain
swelling, resulting from the increased accumulation of vasogenic fluid in the brain that
subsequently increases the intracerebral pressure and decreases cerebral pressure [146, 168,
169]. This leads to cerebral ischaemia and hypoxaemia. In addition, because of
insufficiencies in cerebral blood flow and oxygen concentration, the destruction of healthy
brain tissue within the parenchyma results in cerebral ischemia, progressive

neurodegeneration and in some instances mortality [146, 168, 169].

Another example is the secondary injury in spinal cord injury. Here, the injured segment of
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the spinal cord progresses to a secondary stage as a result of inflammation, disrupted vascular
regulations, lipid peroxidation, excitotoxicity, disturbances of homeostatic electrolytes,
necrosis and apoptosis [170]. SCI caused by mechanical impact can also destroy the
surrounding microvascular environment and local vascular autoregulation inducing petechial
hemorrhage, intravascular thrombosis and oedema. The development of such symptoms can
also lead to hypoperfusion and ischaemia around the injuries [147]. In turn hypoperfusion
leads to lipid peroxidation, another pathological imbalance, which progressively causes the
disruption of mitochondrial respiration, metabolism and cell development [171]. The cascade
of secondary injury also induces progressive neuronal and glial cell death including necrosis
and apoptosis, which seriously contributes to the dysfunction of motor and sensory neurons
[172]. Moreover the apoptotic death of oligodendrocytes and the following demyelination of

white matter decrease the insulation and conduction of neurons [173-177].

Neural tissue engineering scaffolds potentially have an important role in the regulation of
inflammatory responses following neural injury. First, implanted scaffolds must be
biocompatible without causing further inflammation. In this regard, Nisbet et al. has shown
that certain scaffolds can in fact dampen the inflammatory response, and thereby support
repair. In this study they demonstrated that activated astrocytes and microglia cells remained
at homeostatic level after implantation of xyloglucan hydrogel in the caudate putamen of rats
[27]. Moreover, within this study neurite infiltration corresponded to astrocytes migration
inside the implanted xyloglucan hydrogel (modified with PDL); with higher PDL

concentration resulting in more neurite penetration [27].

Chemically, scaffolds may be engineered to deliver biological molecules to suppress

inflammation, reduce secondary injuries and thereby promote repair. For example,
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chondroitinases, enzymes that cleave proteoglycans within scar tissue, have been shown to
promote axonal growth and neural repair in animal models of spinal cord injury [178]. Such
proteins could be biofunctionalised onto scaffolds prior to implantation, thereby promoting
axon growth beyond the typical glial scar. Additionally, anti-inflammatory factors could be
delivered via scaffolds post injury to attempt reduce inflammation (astrocytosis) and hence

encourage neural regeneration and reconstruction.

2.1/ PERSPECTIVES AND FUTURE DIRECTIONS

Various biological molecules, such as neurotrophins, ECM proteins and protein derived
sequences have been widely used in conjunction with neural tissue engineering scaffolds in
vitro and in vivo. However, a greater understanding of the complex interactions between the
target tissue and biofunctionalised scaffolds is required, as well as an understanding of
integrin interactions and the associated intracellular signalling, before scaffolds can be

engineered for the purpose of neural tissue repair in a clinical setting.

Within the nervous system, the cellular microenvironment varies significantly depending on
location of the injury, the time after injury and signalling cascades present at any given time.
However, to date most research has been limited to investigating the influence of a single
signalling molecule in isolation in vitro. Therefore, to further develop the field it is essential
to explore the validity of presenting multiple biological molecules with precise timing during
the regeneration phases, to biochemically recapitulate some of the events that occur during
neural development to encourage repair in the adult. In this regard, biofunctionalised
scaffolds could, for example, promote repair of neural tissue by preventing further cytotoxic

damage at the same time as protecting remaining cells and boost the endogenous repair from
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stem cell niches.

The combination of cells/stem cells with biofunctionalised scaffolds offers exciting prospects
for the future. It may be possible to regulate the survival and integration of host or graft
derived neural cells through scaffold support. In this regard, scaffolds may provide a more
chemically and physically optimised milieu to support regeneration. Furthermore, these
scaffolds can be ‘custom designed’ to meet the needs of each neural injury. As such, some
injuries will benefit from an improved physical environment in which scaffolds provide a
framework to promote axonal growth whilst other injuries will benefit from the long term
delivery trophic cues to promote survival and/or influence cellular differentiation. In all, the
field of engineered scaffolds for neural repair in vivo remains in its infancy. The coming
decades will bare witness to exciting developments in the merging of bioengineering and cell

therapy for the treatment of neural injuries.

2.8 CONCLUDING REMARKS

Bioengineered scaffolds offer exciting prospects for the future of neural repair. In order to
promote regeneration it will be essential to fabricate scaffolds that provide physical support,
promoting cell attachment, survival and encouraging neurite/axon growth. In many instances
the morphology and physical properties can also be ultilised to improve cell scaffold
interactions. Furthermore, appropriate scaffolds will most likely involve the incorporation of
appropriate biological cue/s to encourage cell survival, migration, proliferation differentiation
and/or axonal outgrowth, of endogenous or newly implanted cells. The importance of
biofunctionalisation is highlighted in neural development, where mitogens, morphogens and

neurotrophins are involved and synchronised to orchestrate the maturation of the brain and its

64



Chapter 2

precise connectivity. In this regard, it is important to acknowledge that the appropriate
biomolecule or combinations thereof, will need to be delivered in an appropriate temporal
and spatial manner. Scaffolds provide a novel approach to present such cues in a highly

orchestrated manner.

In the future many questions remain to be answered in order to gain a full understanding, and
ability to exploit the benefits, of bioengineered scaffolds for neual repair. For instance; what
is the most suitable combination of biological cues for injured neural tissue? How should the
release rate and presentation of biological cues be exploited to satisfy the needs for neural
regeneration? What is the nature of the interaction between the scaffold and cells of interest?
These questions, along with many other fundamental and critical biological questions must be
addressed in order to develop a scaffold that could potentially be employed in a clinical

setting.
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3.1 MATERIALS AND METHODS

3.1.1 PCL scaffold preparation

3.1.1.1 Electrospun PCL scaffold

A 10% (w/v) PCL solution was prepared by dissolving PCL (Sigma) in 3:1 (v/v) chloroform
and methanol (Merk Pty Ltd, Australia) at room temperature. The solution was then loaded
into a 10 mL glass syringe with an 18 - gauge needle for electrospinning at a potential of +20
kV and -5 kV with a 0.394 mL/h flow rate and a working distance of 10 cm. The PCL fibres
were collected on aluminum foil. The collected PCL scaffolds were removed from the
aluminum foil immediately after electrospinning and placed in a vacuum oven overnight at
30 °C. Scaffolds were then immersed in 0.05 M ethylenediamine (Sigma Uldrich, USA)
diluted with 2-propanol (Merck Pty, Australia) for 15 minutes at room temperature. The
samples were washed in ice chilled milliQ water three times for 10 minutes and stored in a
desiccator under vacuum. Circular punch biopsies (6mm in diameter) were cut from the PCL
scaffolds for use in vitro (in 96-well plates) or alternatively scaffolds were cut into squares
(0.5cm2) for in vivo implantation. The final samples were sterilized in 70% ethanol for 15

minutes and washed with sterilized PBS 3 times prior to in vitro and in vivo experiments.
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3.1.1.2 Biofunctionalisation of PCL scaffolds with neurotrophic factors

For  immobilisation  of  neurotrophic  factors onto the PCL  scaffolds,
4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N- hydroxysuccinimide ester
sodium salt (sulfo-SMCC) was used as a cross-linker, as previously described by Horne [1].
In brief, a 2.5 mg/mL sulfo-SMCC solution (Sigma Aldrich, USA) was prepared in PBS with
1 hour agitation at room temperature prior to filtration (0.22 um filter). The PCL scaffolds,
treated with ED, were immersed in sulfo-SMCC for 2 hours at room temperature, prior to
being transferred to a solution containing neurotrophins. The tested protein solutions were

recombinant human GDNF (0.5 or 4 pg/ml, R & D Systems, USA) overnight at 4 °C.

3.1.2 Composite scaffolds preparation

3.1.2.1 Electrospun PLLA scaffolds and short fibre fabrication

A 15.9wt% of PLLA (in chloroform (Merk Pty, Ltd, Australia) and acetone at 3:1 (v/v) ration
with ImM dodecyl trimethyl ammonium bromide (DTAB) was electrospun at a flow rate of
0.8mL/hr, a 20kV voltage, a working distance of 5cm from a mandrel (5¢cm diameter) rotating
at a speed of 300 RPM for 40min. The PLLA electrospun scaffolds were then immersed in
5% ethylenediamine (ED) (Sigma Alrich Pty Ltd) in 2-isopropanol (IPA) for 10 minutes and

washed three times with milliQ water. The hydrolysed PLLA scaffolds were either sonicated
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(4:6 second on:off pulse sonication) in water for approximately 10 minutes to fabricate short
fibres which were collected after centrifuged or alternatively cut into short fibers (20um in
length) on a freezing microtome. The collected short fibres was sterilised in 80% ethanol for

10 min and washed twice in PBS, with the short fibers pelleted between each wash.

To attach GDNF onto short fibres, a 5 mM  sulfo-succinimidyl
1-(N-maleimidomethyl)-cyclohexane-1-carboxylate (sulfo-SMCC) solution in PBS was
prepared 1 hr prior and filtered with 0.2 pm membrane. The sterile short fibres were placed in
sulfo-SMCC for two hours and transferred in 0.5ug/mL GDNF over night at 4°C. The
functionalised short fibres were washed twice with PBS and stored, ready for in vitro or in

vivo application.

3.1.2.2 PDL functionalised xyloglucan

PDL functionalised xyloglucan was produced according to previously described protocol [2,
3]. After UV sterilisation xyloglucan was mixed at a concentration of 3.75(wt/v)% in HBSS

media for in vitro studies, and 1.67(wt/v)% in HBSS and cell suspension for in vivo studies.
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3.1.3 Materials characterisation

3.1.3.1 Scanning electron microscopy (SEM)

The scaffolds (PCL, xyloglucan and xyloglucan mixed with short fibres) were coated with 2
nm of platinum using a Cressington sputter coater. PCL samples were tilted at 45 degrees and
splutter coated at approximately 50-100 turns/per minute for 30 seconds. A scanning electron
microscope was then used for examination of the scaffold architecture (JEOL JSM-840A
SEM W filament). The SEM variables were set as: 20.0 kV (accelerating voltage), 8 mm
(working distance), 3000X (magnification) and 1x10™° A (probe current). Fibre diameter and

interfiber distance were measured using Image J software.

3.1.3.2 Enzyme-linked immunosorbent assay

An enzyme-linked immunosorbent assay (ELISA) was used to verify the attachment of
neurotrophic factors onto the scaffolds in samples prepared in parallel to those scaffolds used
in vitro and in vivo. Scaffolds (PCL, PCL with soluble proteins or PCL+immobilised proteins)
were washed 3 times in PBST (PBS containing 0.05% Tween-20) prior to blocking in 5%
normal goat or donkey serum. The scaffolds were then immersed in primary antibodies (goat
anti-GDNF antibody: 1 pg/mL; rat anti-NGF: 2 ng/ml; rabbit anti-laminin: 1:100; rabbit

anti-BDNF: 1:750 (R & D Systems, USA)) prepared in PBST for 2 hours at 37 °C. The
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scaffolds were then washed three times in PBST before being incubated in anti-goat/ anti-rat/

anti-rabbit horseradish peroxidase (HRP, 1:2000 in PBST solution containing 2% donkey

serum). Scaffolds were again washed (3x10 minutes in PBST) and placed in a 96-well plate

where the bound HRP activity was assayed by color development using TMB microwell

peroxidase system (R & D Systems, USA). The reaction was stopped by addition of 1M HClI,

and finally the absorbance (450 nm) was measured with a microtitre plate reader

(SpectraMax). ELISA was performed on triplicate scaffolds for each treatment group and

repeated for each independent in vitro experiment (>3) as well as prior to in vivo implantation

of scaffolds. For the study protein (GDNF) stability (chapter 5), the scaffold samples and

supernatants were collected at time points (0,1,3 and 7days) after protein attachment and kept

in -80 °C before testing.

A GDNF standard curve was generated to determine the amount of GDNF tethered onto the

scaffolds by ELISA. A 96-well plate was coated with 100 pL/ per well of GDNF capture

antibody (4pg/mL, R&D Systems) overnight at room temperature. After three washes with

PBST, the plate was dried and blocked by adding 300 uL of PBS containing 2.5% gelatin and

0.05% Tween20 (the solution was heated to dissolve gelatin and allowed to cool) for an hour

at 37°C in an incubator. After washes, 100 pL of GDNF solution at different concentrations

was added and incubated for two hours at room temperature. Standard curve GDNF

concentrationsincluded 0, 50, 100, 200, 500, 1000, 2000 and 10,000 pg/ml. After three

86



Chapter 3

washes, the ELISA procedure was performed as described above in parallel with the

GDNF-tethered scaffolds of interest.

3.1.3.3 X-ray photoelectron spectroscopy analysis

XPS with an AXIS-HSi spectrometer (Kratos Analytical) and a monochromated Al K source
at a power of 144 W (12 kV x 12 mA), and 1 x 0.5 mm aperture was applied for sample
characterisation [2]. Samples including xyloglucan and PDL grafted xyloglucan were firstly
dissolved in milliQ water and placed on silicon wafers before air dried. The samples were
ready to measure at an emission angle of 0°. A survey spectrum was then performed to
determine the amount of PDL present in grafted xyloglucan. N/C ration for PDL was
expected to be around 0.33 (CgH14N,0O,), the N/C ration in PDL grafted xyloglucan were
measured to calculate the ration of PDL verse xyloglucan using a linear model (molecular

weights were used to transplant the data into per xyloglucan repeat unit).

3.1.3.4 Isothermal rheology

A Rheometric Scientific™ rheometer was conducted to investigate the thermal gelation time
of xyloglucan and xyloglucan grafted with PDL [2]. 2.5 (wt/v)% of the hydrogel was prepared

in HBSS media. Isothermal rheology was performed to measure the elastic (G’) and shear
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(G”) moduli using parallel plate configuration at a frequency of 0.1 Hz and a strain rate of

1.25%.

3.1.4 Animals for in vitro and in vivo studies

All procedures were conducted in accordance with the Australian National Health and
Medical Research Council’s published Code of Practice for the Use of Animals in Research,
and experiments were approved by the Florey Neuroscience Institute animal ethics committee.
Mice and rats were housed on a 12 h light/dark cycle with ad libitum access to food and water.
Cells used for in vitro culturing and transplantation were obtained from mice that were time
mated overnight, with visualisation of a vaginal plug on the following morning taken as
embryonic day (E) 0.5. Tissue was isolated at mouse embryonic day 14.5 (E14.5) for cortical
cultures and E12.5 for ventral midbrain cells. In vitro culturing of primary cortical or ventral
midbrain cells was performed using tissue obtained C57BL/6 time mated mice while donor
tissue for transplantation was obtained from C57BL/6 time-mated mice expressing green
fluorescent protein (GFP) under the B-actin promoter. The ubiquitous expression of GFP

within the donor tissue enabled distinction of the grafted cells within the host brain.

3.1.4.1 Isolation of primary cortical and ventral midbrain cells

Tissue was isolated from embryos at times corresponding to the peak in neurogenesis for that

given tissue region (E12.5- ventral midbrain cells and E14.5 for cortical cells). Consequently
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isolated cell preparations, for in vitro and in vivo application, included a heterogenous
population of cells including neural stem cells, neural progenitors and immature
neuronsPregnant mice were anesthetised with isoflurane prior to cervical dislocation. The
collected embryos were immersed in chilled L15 medium (Invitrogen), the brains removed
and cortices or ventral midbrain microdissected. Subsequently the tissue fragments were
incubated in 0.1%DNase and 0.05% trypsin (in magnesium and calcium free Hank’s buftered
saline solution, HBSS) for 15 minutes followed by 3 gentle washes in HBSS. Finally, the
tissue fragments were dissociated in N2 media consisting of a 1:1 mixture of F12 and MEM
supplemented with 15 mM HEPES buffer, 1 mM glutamine, 6 mg/ml glucose
(Sigma-Aldrich), 1.5 mg/ml bovine serum albumin and 1% N2 supplement (all purchased

from Invitrogen).
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A. Cortical tissue microdissection
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Figure 3.1 The schematic illustration of cortical tissue and ventral midbrain micro-dissection

For in vitro culturing, cells were seeded at a density of 175,000 cells /cm? onto either
poly-D-lysine-coated coverslips or prepared scaffolds and incubated at 37 °C in 5% CO, for
72 hours. After 3 days, the cells were fixed with 4% paraformaldehyde for 20 minutes,
washed and stored in PBS containing 0.025% sodium azide until the time of
immunocytochemistry. For in vivo transplantation, the cells were suspended at a density of
100,000 cells/uL in HBSS containing 0.1% DNase and stored on ice until the time of
implantation. Each embryo provides enough primary neural cells to each experimental animal

(recipient).
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3.1.5 Invitro studies

To assess biocompatibility of scaffolds, cells were suspended at a density of 5.4 x 10°
cells/mL. 100 pL added on scaffolds in each well (5.4 x 10 cells/well, 96 wells, 0.3 cm?/ well)
and incubated for days in N2 media consisting of a 1:1 mixture of F12 and MEM
supplemented with 15 mM HEPES buffer, 1 mM glutamine, 6 mg/ml glucose (Sigma-Aldrich),
1.5 mg/ml bovine serum albumin and 1% N2 supplement (all purchased from Invitrogen).
After days of culturing, cells were fixed with 4% paraformaldehyde (PFA) for 20 minutes and
washed 3 times for 5 minutes with PBS. Experimental groups in each chapter are listed as
below:

Chapter 4: control (glass coated with PDL), PCL scaffolds and PCL scaffolds tethered with
GDNF with/ without vortex.

Chapter 5: control (glass coated with PDL), and PCL scaffolds with/ without ED treatment
Chapter 6: control (glass coated with PDL), PCL scaffolds, PCL scaffolds with soluble
GDNF and PCL scaffolds tethered with GDNF

Chapter 7: control (glass coated with PDL), xyloglucan, xyloglucan with short fibres, and

xyloglucan with short fibres mobilized with GDNF
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3.1.5.1 Immunohistochemistry

Cultures were subsequently incubated in a primary antibody solution (containing 0.3%
TritonX and 5% of goat/ donkey serum) at 4 °C overnight. Primary antibodies and dilution
factors were as follows: chicken anti-GFP (1:1000, abcam), mouse anti-B tubulin (TU]J,
1:1500, Promega, USA, neuronal marker), rabbit anti-glial fibrillary acidic protein (GFAP,
1:800, Dako Cytomation, Denmark, astrocyte marker), rabbit anti-NG2 (NG2, 1:500
Millipore, oligodendrocyte marker), mouse anti-nestin (Nestin, 1:200, Millipore, neural stem
cell marker) and rabbit anti-tyrosine hydroxylase (TH, 1:400 Pelfreeze, dopaminergic neuron
marker) [1, 4] (see table 3.1 for the antibody details). The cell cultures were then washed for
10 minutes in PBS (three times) before the secondary antibodies were subsequently added
and incubated for one hour at room temperature. Secondary antibodies (1:300 in PBS
containing 0.3% TritonX and 2% of goat/ donkey serum) were as follows: DyLight 594 goat
anti-mouse (Alexa), DyLight 633 goat anti-rabbit (Alexa), DyLight 488/ 549 conjugated
donkey anti-mouse (Jackson ImmunoResearch), DyLight 549/ 649 conjugated donkey
anti-rabbit (Jackson immunoResearch), DyLight 488/ 549/ 649 conjugated donkey
anti-chicken (Jackson ImmunoResearch). After another 10 minutes wash in PBS, Hoechst
(2:1000 in PBS, nuclei marker) was applied for 5 minutes, followed by two washes (10
minutes) in PBS. The samples were slide mounted (Dako, USA) and imaged using a

fluorescence microscope. The samples were stored at 4 °C in the dark prior to imaging.
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Table 3.1 the list of antibodies used in the thesis

Cell markers/ Cell types/ Neurotrophins/ Receptors Concentrations/

Antibodies Companies
Hoechst Nuclei 1:1000 Sigma
Nestin Neural stem cell 1:200 Millpore
GFAP Astrocyte 1:800 Dako
NG2 Oligodendrocyte 1:500 Millpore
TUJ Immature neurons 1:1500 Promega
NeuN Neuron 1:200 Millpore
TH Dopaminergic cell 1:400 Pelfreeze
GFP Green florescent protein cell 1:1000 ABCAM
BDNF Brain-derived neurotrophic factor 1:750 R&D
GDNF Glial-cell derived neurotrophic factor | 1 pg/ml R&D
CD11b Microglia/ macrophages 1:20 Chemicon
Erk1/2 Erkl/ 2 1:1000 Cell signalling
Phospho-Erk1/2 | Phosphorylation Erk1/ 2 1:2000 Cell signalling

3.1.6 Invivo studies

3.1.6.1 Ananimal model of Parkinson’s disease (chapter 7)

Female Swiss mice were anesthetized in 5% isoflurane gas until no reflex was observed at

which point the level of anaesthetic was reduced to 2%. An incision (2-2.5 cm) was cut on the

scalp to reveal the skull, lateral craniotomies were drilled at + 1.0 mm AP (anterior- posterior),

- 2.0 mm ML (median- lateral) from bregma. To create Parkinson’s disease mouse model

(chapter 7), 6-hydroxydopamine (6-OHDA, sigma) was prepared at a concentration of 2

ug/ul in 0.2mg/ml ascorbic acid solution. The glass capillary was filled with 1.5ul of the
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6-OHDA solution (3ug) and injected at -3.2 mm AP, 1.4 mm ML and -4.5 mm DV (6-OHDA
was kept in a dark and chilled environment during surgery). The wound was then sutured,
iodine was applied to the wound. Three weeks after the animals were ready for scaffold

implantation with cell transplantation.

3.1.6.2 Implantation of primary cortical cells into the intact brain of rats

(chapter 5 and 6)

Male Wistar rats were anesthetized in 5% isoflurane gas until no reflex was observed at
which point the level of anesthetic was reduced to 2%.An incision (2-2.5 cm) was cut on the
scalp to reveal the skull. Bi-lateral craniotomies were drilled at + 1.0 mm AP (anterior-
posterior), £ 2.5 mm ML (median- lateral) from bregma; the sterile scaffolds were rolled to
facilitate insertion into a 21 G needle. The needle was then injected at - 7.0 mm DV (dorsal-
ventral) to create the cavity, being retracted to - 5.0 mm for scaffold insertion. A plunger was
subsequently inserted into the needle to push the scaffold through the needle as it was slowly
withdrawn from the brain. The top of the scaffold was left exposed above the surface of the
brain to enable subsequent cell injection adjacent or into the core of the scaffolds. A 50 um
glass capillary was connected to the 5 pL Hamilton syringe as the injecting device and a
150,000 cells (1.5 uL) injected. The cell suspension (GFP+ cortical cells) was slowly injected
at 3 depths (0.5ul/site): - 5.0 mm, -4.5 mm and -4.0 mm DV (dorsal- ventral). When injecting

at each site, the glass capillary was left in situ for 2 minutes to allow the tissue and cells to

94



Chapter 3

settle. Upon completion of the cell implantation the protruding scaffold was gentle pushed
below the surface of the brain. After implantation, the wound was sutured, iodine was applied
to the wound. Upon completion of surgery animals received an intramuscular injection of
analgesic (Meloxicam, 3mg/kg). Rats were immunosuppressed by way of daily cyclosporine
injection (CyclosporineA, 10mg/kg/day). Each experimental group had 6 animals and the
groups were listed as below:

Chapter 5: cells alone and PCL scaffolds

Chapter 6: cells alone, PCL scaffolds and PCL scaffolds treated with GNDF

In the consideration of the size of implanted scaffolds and brain, rats were selected for the in
vivo studies in chapter 5 and 6. Mouse donor tissue was used due to the availability of GFP
mice, but not rats. GFP-labeled mouse cells enabled the ability to distinguish the transplanted
cells (GFP+) from the host cells (GFP-). As a consequence of xenografting (i.e. grafting of
cells across different species) daily cyclosporine injection was required to suppress the

immune system.
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3.1.6.3 Implantation of primary ventral midbrain cells into mouse brain of

Parkinson’s disease (chapter 7)

The surgery procedure was according to previously described section 3.1.6.2 except
preparation of the composite scaffolds and implantation coordinates. 2ul. of composite
scaffolds were mixed with 1uL of cell suspension (GFP+ cortical cells, 150,000 cells/ uL)
before implantation, and ended with a cell density of 50,000/ uL in the composite scaffolds.
Lateral craniotomies were drilled at + 1.0 mm AP (anterior- posterior), - 2.0 mm ML
(median- lateral) from bregma. 2uL of the scaffolds pre-mixed with cells solution was then
injected into the brains of Parkinsonian mice at — 3.2 mm DV from bregma. When injecting
at each site, the glass capillary was left in situ for 2 minutes to allow the tissue and cells to
settle. After implantation, the wound was sutured, iodine was applied to the wound. Upon
completion of surgery animals received an intramuscular injection of analgesic (Meloxicam,
3mg/kg). In chapter 7 the experimental groups included cells alone, cells in xyloglucan, cells
in xyloglucan with short fibres, and cells in xyloglucan with short fibres mobilised with
GDNF (n = 6). Mice were selected due to the finical consideration. And the donor and
recipient species were the same, so no daily cyclosporine injection was required to suppress

the immune system.
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Figure 3.2 Cell transplantation into mouse brain of PD (A) The dashed lines area shows the dissected
VM region for cell grafting, (B) shows the VM cell transplantation into the brain of PD after tissue
preparation, (C) darkly stained area shows the healthy network of TH-positive fibers from mDA
neurons, (D) after injection of 6-OHDA to create the animal model of PD, no TH-positive fibers from
mDA neuron can be observed, and (E) illustrates the TH-positive fibers from grafted VM cells after

cell transplantation for 6 weeks. [5]

3.1.6.4 Animal perfusion and tissue sectioning

Rats/ mice received a lethal dose of sodium pentobarbitone (Lethabarb, 100mg/kg) prior to

intracardial perfusion with 400 mL (rats)/ 50 mL (mice) of warmed PBS followed by 400 mL
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(rats)/ 50 mL (mice) of 4% PFA. The brain was then removed and post-fixed in 4% PFA for
two hours followed by cryopreservation in 30% sucrose. The brains were frozen using dry ice
and stored in a - 80 °C freezer prior to sectioning. The brain tissue was either sectioned on a
cryotstat and mounted on slides (Chapter 5 and 6) or sectioned by 40 um in a free floating

method (Chapter 7).

3.1.6.5 Tissue chromogenic staining and immunohistochemistry

The tissue slides were washed 3 times for 10 minutes in PBS and quenched in endogenous
peroxidase (10%, methano ,10%, hydrogen peroxide and 80% PBS) for 20 minutes before
washing. Primary antibody was applied overnight at room temperature prior to washing.
Primary antibodies and dilution factors were as follows: chicken anti-GFP (1:1000, abcam),
rabbit anti-GFP (1:20000, abcam), rabbit GFAP (1:800) and mouse OX-42 (1:500) (see table
3.1 for the antibody details). Blocking solution (10% NGS serum in PBTA) was then applied
for 30 minutes. Secondary antibody (Biotinylated anti-rabbit (DAKO), 1:500 in PBTA) was
then added on the slides for 1.5 to 2 hours at room temperature. Vectastain® ABC system Kit
(20uL A, 20uL B and SmL PBS) was prepared 30 minutes beforehand. The slides were in the
washing procedure before incubating in ABC for 1 hour at room temperature. The slides were
again washed before DAB (DAB 100mL: 1 Aliquot (ImL at 50 mg/mL), 2.5 mL of 1%

Cobalt Chloride, 2 mL of 1% Ammonium Nickel Sulphate and 94.5 mL PB (0.1 M)) was
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applied for 10 minutes. Peroxide H,O, (1%) was applied on the slides for 5 minutes (for free
floating the tissue was ready to mount on gelatine slides, dehydrate and mount with DPX
medium). The slides were washed in PBS before immersing in H,O (2 times), 50% ethanol,
70% ethanol, 90% ethanol, 100% ethanol, 100% ethanol and X3B (2 times) for 1 min for
each step. Afterward the tissue slides were mounted with DPX medium.
Immunohistochemistry procedures were performed as previously described in section 3.1.5.1

after quenching and washing steps.

3.1.6.6 Statistical analysis

Each culture condition was run in triplicate (three scaffolds) on at least 3 independent
experiments. All cultures were examined using an inverted fluorescent microscope (Zeiss
Axiovert 200) and imaged at 20x magnification (Cell D software, Olympus). Cell counts
were made from 10 fields of view per scaffold. Cell counts included: total viable cell
(Hoechst+ non-pyknotic nuclei), dead cells (Hoechst+ condensed pyknotic nuclei), total
neural stem cells (Nestin+ cells), total neurons (TUJ+ cells), total astrocytes (GFAP+ cells),
total oligodendrocytes (NG2+ cells), total dopaminergic neurons (tyrosine hydroxylase, TH+).
In vivo cell counts included: GFP+ graft derived cells, nestin+, GFAP+, TUJ+ and NG2+
cells. Area of GFP+ staining, TUJ+, GFAP+ and NG2+ were calculated using ImageJ. The

observer was blinded to the experimental conditions and each brain was graded for its level
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(density) of innervation surrounding the graft and throughout the stratal tissue. The grading
was as follows: 0 = no evident innervation surrounding the graft, 1 = low level of innervation,
2 = moderate density, 3 = high density. All data are expressed as mean + SD/ mean + SEM.
Student t-tests or one way ANOVAs with Tukey post-hoc tests were used to show significant
differences between groups with the level of significance set at 0.05. *, P < 0.05; ** p < 0.01;

*** p<0.001.

3.1.6.7 Measurement of cell viability in vitro and in vivo

Hoechst is a common dye often used to specifically stain the nuclei of living or fixed cells in
culture and tissues [4]. Hoechst nucleic acid stain is a conventional cell-permeant nuclear dye
that expresses blue fluorescence when bound to double-stranded DNA (dsDNA); the blue
fluorescence can then be observed by a fluorescence microscope [6]. This dye is commonly
used to distinguish dead cells (cells displaying a condensed pyknotic nuclei reflective to
apoptotic cell death, figure 3.3) from living cells (that displays large, and non-pyknotic nuclei,
figure 3.3). Pyknotic verses non-pyknotic cells on glass or on/in scaffolds could be clearly
distinguished. By counting pyknotic and non-pyknotic nuclei, the cell viability in vitro can be
quantified. Within this thesis cell viability reflects the viable (hon-pyknotic) cells as a

percentage of total cells (viable and pyknotic).
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Figure 3.3 Cells stained by Hoechst. Dead cells display a condensed pyknotic nuclei reflective

to apoptotic cell death from living cell display large, and non-pyknotic nuclei.
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4.1 ABSTRACT

Various engineering applications have been utilised to deliver molecules and compounds in
both innate and biological settings. In the context of biological applications, the timely
delivery of molecules can be critical for cellular and organ function. As such, previous
studies have demonstrated the superior benefit of long-term protein delivery, by way of
protein-tethering onto bioengineered scaffolds, compared to conventional delivery of soluble
protein in vitro and in vivo. Despite such benefits little knowledge exists regarding the
stability, release kinetics and functionality of these proteins over time. As way of example,
here we examined the stability, degradation and function of a protein, glial derived
neurotrophic factor (GDNF), which is known to influence neuronal survival, differentiation
and neurite morphogenesis. Enzyme-linked immunosorbent assays revealed that GDNF,
covalently tethered onto polycaprolactone (PCL) electrospun nanofibrous scaffolds, remained
present on the scaffold surface for 14 days, with no evidence of protein leaching or
degradation. The tethered GDNF protein remained functional and capable of activating
downstream signalling cascades, as revealed by its capacity to phosphorylate intracellular
ERK in a neural cell line. Furthermore, immobilisation of GDNF protein promoted cell
survival and differentiation in culture at both 3 and 7 days, further validating prolonged
functionality of the protein, well beyond the minutes to hours timeframe observed for soluble
proteins under the same culture conditions. This study provides important evidence of the

stability and functionality kinetics of tethered molecules.
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4.2 INTRODUCTION

Soluble proteins in their natural physiological environment execute their function and are
then degraded by enzymes, oxidation, hydrolysis and other reactions over relatively short
periods of time; thereby losing their original bio-functionality. As such, repeated synthesis
and delivery from the local environment is required for ongoing activity [1]. When soluble
proteins are extrinsically introduced in vivo to influence cellular responses (e.g. to promote
tissue repair or influence disease progression) they are also only present for short periods of
time (typically minutes to hours), due to diffusion into the local physiological environment
and degradation. Hence methods of ongoing delivery must be employed which typically rely
on the use of cumbersome catheters and infusion pumps. Consequently there is increasing
interest to develop improved methodologies to enable the stable delivery of molecules and
proteins, and to ensure these factors can be administered in temporally and spatially

appropriate manners.

Work by us and others has already demonstrated that protein immobilisation onto
bioengineered scaffolds can provide means to control the localisation of biological molecules,
create longer lasting stimuli and can be controlled by way of substrata (scaffold) degradation.
We demonstrated that both brain derived neurotrophic factor (BDNF) and glial-cell derived
neurotrophic factor (GDNF) tethered onto electrospun nanofibrous scaffolds, were capable of
promoting primary neural cell proliferation and influencing differentiation in vitro, to a
greater extent than culturing cells in the presence of soluble protein [2, 3] (chapter 6).
Furthermore, we showed that tethered GDNF maintained long-term biofunctionality in vivo;

supporting the survival, differentiation and integration of transplanted primary neural cells for
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up to 28 days [3]. Work by others has similarly demonstrated the benefit of tethered proteins.
As way of example, photochemically bound nerve growth factor on microporous poly(2-
hydroxyethylmethacrylate) was shown to encourage neurite outgrowth of PC12 cells [4];
methacrylamide chitosan immobilised with rat interferon-y promoted neural differentiation of
adult neural stem/progenitor cells [5, 6]; and tethered epidermal growth factor (EGF) on
poly(methyl methacrylate)-graft-poly(ethylene oxide) significantly enhanced mesenchymal
stem cell (MSC) spreading and survival compared to saturating concentrations of soluble

EGF [7].

Despite evidence for the benefit of immobilised proteins, little attention has been paid to the
amount of protein tethered to biomaterial surfaces, stability of tethered proteins, protein
degradation rate, the release kinetics of tethered molecules or the duration of functionality of
the protein. Here we investigated the stability of a tethered protein, GDNF, and its
functionality using primary cultures isolated from the developing ventral midbrain, enriched
with dopaminergic neurons. GDNF has been shown to promote the survival, differentiation
and neurite growth, most notably of dopaminergic neurons in vitro and in vivo [8, 9]. GDNF
has additionally been shown to delay degeneration of dopaminergic neurons in Parkinsonian
animals as well as promote the survival and integration dopamine neurons following
transplantation into animal models of the disease [10-13]. GDNF thereby represents an
example whereby prolonged protein delivery could have a significant impact on disease
progression and treatment. Our findings demonstrated that GDNF remained present and
functional on the scaffold surface long term, with no evidence of degradation or leaching,

thereby demonstrating stability and functionality of tethered molecules.
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4.3 MATERIALS AND METHODS

4.3.1 Synthesis of electrospun scaffolds

Electrospun fibres were produced from polycaprolactone (PCL, Mn 70-90k, Sigma Aldrich,
USA), dissolved in a 3:1 (v/v) solution of chloroform (Chem-Supply, USA) and methanol
(Chem-Supply, USA). A home built electospinner consisting of a syringe pump (KD-100,
KD Scientific, Holliston, USA) and an adjustable DC voltage power supply (Model RR 50-
1.25R/230/DDPM, Gamma High Voltage Research, Ormond Beach, FL, USA) was
employed using a voltage of 20 kV and a 21G needle. A flow rate of 2 mL/hr and a working
distance of 13cm were used and electrospinning took place a room temperature. After
collection, the scaffolds were dried in a vacuum oven overnight and stored in a desiccator
prior to use. The scaffolds were then aminolysed by immersion in 0.05 M ethylene diamine
(ED, Sigma Aldrich, USA), diluted in 2-propanol (Merck Pty, Australia) for 15 min at room
temperature. The samples were subsequently washed three times, and sterilised in 70%

ethanol for 15 minutes.

4.3.1.1 Confirmation of aminolysation

Scaffolds treated with ethylenediamine (ED, Sigma Alrich Pty Ltd) were dissolved in 100 pL
of tetrahydrofuran and 100 pL of PBS, and reacted with 100 uL of fluorescamine (Molecular
Probes, 10mg/mL in acetone). The solutions were detected by a plate reader with ex/em =
390/475-490 nm. For the standard curve amine concentrations included 1.49 x 10 °, 1.12 x
107 7.45%x 107,149 x 10 7, 7.45 x 10 ®, 1.49 x 10 ®, 7.45 x 10 *° and 0 mol/g of ED in

PBS.
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4.3.2 Protein tethering on PCL scaffolds

For immobilisation of GDNF onto PCL scaffolds, 4-(N-maleimidomethyl) cyclohexane-1-
carboxylic acid 3-sulfo-N- hydroxysuccinimide ester sodium salt (sulfo-SMCC, Sigma
Aldrich, USA) was used as a cross-linker. A 2.5 mg/mL sulfo-SMCC solution was prepared
in PBS for an hour at room temperature prior to filtration (0.22 mm filter). The PCL
scaffolds, treated with ED, were immersed in sulfo-SMCC for 2 hours at room temperature,
prior to being transferred to a recombinant human GDNF solution (4 mg/ml; R & D Systems,
USA) overnight at 4 °C. To ensure that GDNF protein was attached and not adsorbed onto
the scaffolds, some scaffolds were vortexed in PBS following protein immobilisation.
Amounts of tethered protein, stability and functionality were compared between: PCL
scaffolds (PCL), PCL scaffolds tethered with GDNF (PCL_iGDNF) and PCL scaffolds

tethered with GDNF and vortexed (PCL_iGDNF(V)).

4.3.2.1 Enzyme-linked immunoabsorbent assay

Enzyme-linked immunoabsorbent assays (ELISA) were performed as described previously
[3]. In brief, PCL scaffolds, + GDNF attachment, were incubated in 1 mg/mL of goat anti-
GDNF antibody (R & D Systems, USA) containing 5% donkey serum in PBST (PBS
containing 0.05% Tween-20) for 2 hours at room temperature. The scaffolds were washed
three times in PBST before being immersed in anti-goat horseradish peroxidase (HRP,
1:2000 in PBST solution containing 2% donkey serum) for 1 hour. After 3 washes in PBST,
scaffolds were placed in a 96-well plate where the bound HRP activity was assessed by color
development using TMB microwell peroxidase system (R & D Systems, USA). 30 ul of 1M
HCI was added to each well to stop the reaction, and the absorbance (450 nm) was measured

with a microtitre plate reader (SpectraMax). A standard curve for GDNF was performed (0 -
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10,000pg/ml, Figure.4.1) from which the amount of tethered GDNF protein per scaffold
could be determined and compared across treatments. To determine the stability of tethered
GDNF over time, scaffold samples were collected immediately after protein attachment (day
0) and at day 3, 7 and 14 days after attachment and storage in PBS. Collected scaffolds and

supernatant were stored at -80 °C until determination of protein levels by sandwich ELISA.

4.3.3 Immunoblotting

The dopaminergic neural stem cell line, SN4741, was cultured in DMEM, 10% FBS, L-
glutamine (2 mM), penicillin/streptomycin (50 U/ml) and glucose (0.6%) in an incubator at
37 °C. For analysis of intracellular GDNF signalling, 100,000 cells were seeded onto PCL
scaffolds with or without tethered GDNF for 1 day. Cells were lysed in ice-cold buffer
containing 20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% protease inhibitor
cocktail (Sigma), 50 mM NaF and 0.2 mM Na3VO4 for 20 min on ice. Lysates were
centrifuged at 14,000 rpm for 20 minute at 4 °C to collect supernatants. Protein was
quantified using the bicinchoninic acid assay kit (Pierce) using bovine serum albumin

standards.

Protein (50 pg) were electrophoresed through 12.5% SDS polyacrylamide gels and
transferred to Immobilon PVDF-FL membrane (Millipore). Membranes were blocked with
5% skim milk in Tris-buffered saline with Tween-20 (TBST), pH 8.0, for 30 minutes and
incubated with mouse pERK1,2 (1:2,000, #9106, Cell Signalling Technology) and rabbit total
ERKZ1,2 (1:1,000, #9102, Cell Signalling Technology) antibodies in 3% BSA in TBST
overnight at 4 °C . Blots were washed 3 x in TBST for 10 minutes and incubated with
IRDYe 680 and 800CW conjugated secondary antibodies (1:10,000) followed by 3 x washes

in TBST for 10 minutes and detected using the Odyssey Classic infrared imaging system.
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Blots were quantified by taking the ratio of pERK/ERK bands and subtracting background

intensity.

4.3.4 Microdissection and culturing of cortical neural stem

cells/progenitors

All procedures were conducted in accordance with the Australian National Health and
Medical Research Council’s published Code of Practice for the Use of Animals in Research,
and experiments were approved by the Florey Neuroscience Institute animal ethics
committee. C57BL/6 mice were housed on a 12 hour light/dark cycle with ad libitum access
to food and water. Cells used for in vitro culturing were obtained from mice that were time
mated overnight, with visualisation of a vaginal plug on the following morning taken as
embryonic day (E) 0.5. Ventral midbrain tissue was isolated at mouse embryonic day 11.5

(E11.5).

Pregnant mice (E11.5) were anesthetised with isoflurane prior to cervical dislocation. The
collected embryos were immersed in chilled L15 medium (invitrogen), the brains removed
and ventral midbrain microdissected. Subsequently the tissue fragments were incubated in
0.1%DNase and 0.05% trypsin (in magnesium and calcium free Hank’s buffered saline
solution, HBSS) for 15 minutes followed by 3 gentle washes in HBSS. Finally, the tissue
fragments were dissociated in N2 media consisting of a 1:1 mixture of F12 and MEM
supplemented with 15 mM HEPES buffer, 1 mM glutamine, 6 mg/ml glucose (Sigma-
Aldrich), 1.5 mg/ml bovine serum albumin and 1% N2 supplement (all purchased from
Invitrogen). Cells were seeded at a density of 175,000 cells /cm? onto either poly-D-lysine-

coated coverslips or PCL scaffolds and incubated at 37 °C in 5% CO, for 3 and 7 days. After
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3 days and 7 days, the cells were fixed with 4% paraformaldehyde for 20 minutes, washed

and stored in PBS containing 0.025% sodium azide until the time of immunocytochemistry.

4.3.4.1 Immunocytochemistry

Fixed cultures were incubated overnight in the following primary antibodies (diluted in 0.3%
Triton-X and 5% donkey serum): mouse anti-f tubulin (TUJ, 1:1500, Promega, USA,
neuronal marker) and rabbit anti-tyrosine hydroxylase (TH, 1:400 Pelfreeze, rate limiting
enzyme in dopamine synthesis and marker of dopaminergic neurons). Cultures were then
washed for 10 minutes in PBS before the secondary antibodies were subsequently added and
incubated for an hour at room temperature. Secondary antibodies (1:300 in PBS containing
0.3% Triton X and 2% of goat/ donkey serum) were as follows: DyLight 488 donkey anti-
rabbit (Jackson immunoResearch), DyLight 549 donkey anti-mouse (Jackson
immunoResearch). After washing in PBS, Hoechst (1:1000 in PBS, nuclei marker) was
applied for 5 minutes, followed by two washes. The samples were then slide mounted (Dako,

USA) and imaged using a fluorescence microscope.

4.3.5 Statistical analysis

All ELISAs, western blots and cell cultures were performed on > 3 independent experiments
with 3 coverslips or scaffolds included for each condition in each experiment. For
assessments of cell viability and differentiation, 10 fields of view per coverslip or scaffold
were imaged using a Zeiss200 inverted microscope (images captured at 20x magnification).
All data are expressed as mean + SD. Student t-tests or one way ANOVAs with tukey post-
hoc tests were used to show significant differences between groups with the level of

significance set at 0.05.
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4.4 RESULTS AND DISCUSSION

Due to the high surface area to volume ratio, tuneable surface chemistry and biomimetic
environment, electrospun scaffolds have been applied as a delivery system of biological
molecules to influence cell behaviour in vitro and in vivo [14, 15]. As proof of principle, we
previously demonstrated that the three-dimensional structure of electrospun PCL scaffolds
could be exploited to deliver neurotrophins BDNF and GDNF in vitro to influence cell
survival, proliferation and differentiation [2, 3] (chapter 6). Furthermore, implantation of
GDNF functionalised scaffolds promoted the engraftment of neural transplants for up to 28
days [3]. However in these former studies, and others like it exploring the benefits of tethered
proteins, there remains insufficient knowledge pertaining to the amount of immobilised
protein on the scaffold surface, the stability of the tethered protein or the bio-functionality of
the molecules over time. In the present study we examined the stability of immobilised
GDNF on electrospun PCL scaffolds over 14 days and the biological effects on primary
neurons in cultures. Specifically, we examined the ability of tethered GDNF protein to
activate intracellular signalling pathways and to promote survival and dopaminergic

differentiation of ventral midbrain cells for up to 7 days in culture.

4.4.1 Confirmation of protein immobilisation and maintained presentation

without degradation

The electrospun PCL scaffolds were treated with ethylenediamine (ED) to produce amine
groups on the fibre surface for protein (GDNF) attachment via a crosslinker, succinimidyl 4-
(Nmaleimidomethyl)-cyclohexane-1-carboxylate (SMCC) [2]. The amount of fluorescamine
on the scaffolds after aminolysation was measured to be 1.2 x 10 ** mol/ g. Subsequent

GDNF attachment onto the scaffolds, via SMCC crosslinking, was confirmed by ELISA.
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Figure 4.1A showed significant levels of GDNF on the scaffold (PCL_iGDNF; 975 + 115
pmol/ml), compared to PCL scaffolds alone (75 + 45; reflective of background readings) or
in the absence of the SMCC crosslinker (PCL_sGDNF, 180 + 30 pmol/ml; reflective of
physically adsorbed GDNF into the scaffold), suggesting GDFN was chemically attached to
scaffolds via the crosslinker SMCC. To confirm that the majority of the protein was tether,
and not adsorbed onto the scaffolds, we vortexed the scaffolds for had been immobilised with
GDNF to ‘shake-off” any protein embedded but not tethered to the PCL fibers. Under these
conditions, no significant difference was seen in GDNF levels on PCL_iGDNF and
PCL_iGDNF with vortexing (PCL_IGDNF: 975 + 115, and PCL_iGDNF(v): 650 + 60,
respectively, Figure 4.1A), suggesting that the majority of the protein was chemically

attached via SMCC.

To examine the stability of tethered GDNF on scaffolds, the immobilised scaffolds were
placed in a 96-well plate, immersed in PBS and stored stationarily in an incubator at 37°C for
up to 14 days, with PCL scaffold samples collected at day O (i.e. upon completion of protein
immobilisation), day 3, 7 and 14 and supernatant collected at days 1, 3, 7 and 14. All samples
were stored at -80 °C prior to performing ELISAs. Importantly, we confirmed that freezing of
scaffolds had no effect on the stability of the protein, with no significant difference observed
in the amount tethered protein at day 0 from fresh verses frozen PCL_iGDNF samples (975 +

115 and 810 + 100, respectively, Figure 4.1A-B).

Examination of PCL_iGDNF scaffolds, with or without vortexing, showed no significant
difference in GDNF concentration over time (day 0, 3, 7 or 14), demonstrating that the
protein remained tethered on the scaffold without degradation for at least 14 days (Figure

4.1B). Results from the supernatant revealed that any adsorbed protein leached from the
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scaffold within 24 hours (245 + 75 pmol/ml, Figure 4.1C), and was comparable to the
difference observed between iGDNF (PCL_iGDNF: 819 + 100 pmol/ml, Figure 4.2B) and
vortexed iIGDNF (PCL_iGDNF(v): 515 + 50 pmol/ml, Figure 4.1B). Interestingly, GDNF
was only marginally detectable in the supernatant at 3, 7 and 14 days, indicating that the
protein measured in the supernatant after 24hrs had subsequently degraded, and thereby
further highlighting the benefit of protein tethering for biological applications. Additional
longer-term studies are required to assess the rate of degradation of tethered protein on
electrospun scaffold surfaces. Degradation of chemically attached proteins is likely to occur
through surface erosion of the electrospun scaffolds, hence proteins are likely to remain

present in culture for several months.
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Figure 4.1: Confirmation of protein tethering and stability on electrospun nanofibers.

(A) Immobilisation of GDNF on PCL scaffolds (iGDNF) significantly increases the presentation of
protein in culture in the comparison with PCL scaffolds. The majority of protein was firmly attached
as reflected by vortexing to remove excess adsorbed protein (iGDNF(v)). (B) Amount of GDNF
present on scaffolds at 0, 3, 7 and 14 days after attachment without vortexing (black bars) and with
(white bars). No significant decrease was observed in the amount of GDNF on the scaffolds over
time, indicative of protein stability. (C) A small amount of GDNF was adsorbed onto the scaffolds at
the time of tethering, which leached from the biomaterial within the first day, and subsequently
degraded. Data represents Mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, One-way ANOVA
with Tukey post-hoc test.
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Here we demonstrate the ability to covalently tether GDNF onto the surface of electrospun
PCL scaffolds using the sulfo-SMCC protein crosslinking reaction. This conjunction is
dependent on the protein of interest possessing sulfhydryls (thiols, -SH), which readily react
with the maleimide group within the sulfo-SMCC at pH 6.5-7.5. However, it is still possible
for maleimides to react with amines, such as those found on the N-terminus of a protein or
peptide [16]. At pH > 7.5 the reactivity of maleimides to aimines begins to increase and as
our reactions were conducted in PBS (pH 7.4) the same chemistry can be used to tether a
protein that do not possess a free sulfhydryl group, although the reactivity will be slower.
However, It should be noted that hydrolysis of the maleimide group is a possibility during
such a conjugation. In this regard, the ability to tether a particular protein may therefore be
dependent on the structure of the protein to be tether (i.e. the binding affinity of the
maleimide). Furthermore, whilst it may be possible to attach a number of different proteins
using this approach it will also be important to ensure that such crosslinking does not

interfere with the cellular accessibility of the surface protein.

4.4.2 The biofunctionality of tethered GDNF on cultured neurons

Next we investigated the bio-functionality of tethered GDNF on neural cells in culture, the
SN4741 cell line was originally derived by Son et al (1999). In brief, a clonal SN DA
neuronal progenitor cell line, arrested at an early DA developmental stage (E14), was
established from mice [16]. The phenotypic and morphological differentiation of these cells
could be manipulated by environmental cues in vitro and were therefore optimal for studying
intracellular signaling of dopaminergic neurons in response to soluble and tethered GDNF.
Note, the heterogeneity of ventral midbrain primary cultures (containing only 10% DA
neurons) rendered them unsuitable for such cell signaling studies. Using a dopaminergic

neural cell line (SN4741), known to express the GDNF receptors c-ret and GFRal, we
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examined the ability of tethered GDNF to induce intracellular phosphorylation of ERK1 and
ERK?2, key components of the GDNF- ERK signalling pathway. Comparable levels of total
ERK1 and 2 could be detected in cells cultured on both PCL or PCL_iGDNF. However, the
presence of GDNF significantly increase the phosphorylation of ERK2 (Figure 4.2A),
indicating that tethered GDNF was capable of mediating intracellular GDNF signalling.
Quantification of band density revealed a significant (4.4-fold) increase in the ratio of
phospho-ERK to total ERK following culturing on tethered GDNF (Figure4. 2). Figure 4.2C
illustrating the ability of GDNF to to phosphorylate intracellular Erk1/2 of SN4741 cells in
vitro treated with soluble GDNF (30ng/ml). The results show notable amount of GDNF (57.2
+ 18.5 ng/mL, standard curve not shown) present and activation of p-ERK when tethered to
the scaffold similar to soluble GDNF (Figure 4.3). Further to the inclusion of this control
data, additional western blots have confirmed the longevity of presentation of functional
GDNF following immobilized on PCL. New data illustrates that increased p-Erk at 1hr after
soluble GDNF but not after 3days. By comparison, immobilization of GDNF on PCL
maintains the ability to activate intracellular GDNF signaling, as reflected by maintained p-

ERK activation.
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Figure 4.2: Phosphorylation of intracellular ERK confirms functionality of tethered GDNF.

(A) Culturing of SN4741 neural cells on PCL+iGDNF, but not PCL alone, resulted in
phosphorylation of intracellular Erk determined by immunoblot analysis, indicitive of intracellular
signalling in response to GDNF presentation. (B) Ratio of phospho-ERK/total ERK level. Tethered
GDNF results in a 4.4-fold increase in pERK/ERK level compared to culturing on PCL. (C-D)
Phospho-ERK levels were significantly elevated after 1 hr stimulation of SN4741 cells with soluble
GDNF, but returned to basal levels within 3days. By contrast culturing cells on iGDNF resulted in
maintained elevated pERK levels (at 1d and 3d in culture). Data represents Mean + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001, Students t-test and One-way ANOVA.

Finally we examined the ability of tethered GDNF to not only induce a intracellular response,
but also provide a prolonged effect on neural progenitors in culture. In vitro and in vivo
GDNF has been shown to promote the survival of various neural populations [17-19],
including ventral midbrain dopaminergic progenitors [20-24]. After 3 days in culture, we
demonstrated that tethered GDNF significantly improved the viability of VM cells (Hoechst
labelled non-pyknotic nuclei) in culture compared to cells cultured on PDL coated glass
(56.37% + 0.96 and 44.04% + 1.78, respectively), or PCL scaffolds alone (46.74% + 2.86),

Figure 4.3A,C-F. Similarly immobilised GDNF enhanced the number of tyrosine
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Hydroxylase immunoreactive (TH+) dopaminergic cells in culture, Figure 4.4 B,K-N. After 7
days, cells cultured in the presence of immobilised GDNF showed no decrease in cell
viability or the proportion of dopaminergic neurons compared to 3 days in culture,
demonstrating maintained activity of GDNF, whilst cells cultured on PCL alone showed
significantly reduced viability over time (Figure 4.4). These findings demonstrate the benefits

of maintained presentation and functionality of tethered protein.
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Figure 4.4: GDNF immobilization enhances cell viability and differentiation. (A) Protein
tethering, with or without vortexting, significantly increased the viability and (B) proportion of
tyrosine Hydroxylase-immunoreactive (TH+) cells in ventral midbrain cultures, compared to culturing
on PDL-coated glass (control) or PCL. Black bars: 3 DIV, White bars: 7 DIV. Prolonged culturing
(7DIV) resulted in a significant decrease in cell viability and TH cells, effects that could be prevented
by maintained presentation of GDNF in culture. (C-F) Representative photomicrographs of Hoechst
labelled nuclei, (G-J) TUJ+ neurons, (K-N) TH+ dopaminergic neurons, and (O-R) merged images of
VM cells cultured on PDL-coated glass (control), PCL, PCL with immobilized GDNF (PCL_iGDNF),
and PCL with immobilized GDNF and vortexed (PCL_iGDNF(v)). Data represents Mean + SEM. *P
<0.05, P < 0.05, **P < 0.01, ***P < 0.001, One-way ANOVA with Tukey post-hoc test.

The development of assays to provide long-term presentation of molecules is important for
increasing our understanding of physiological processes. Most in vitro studies focused on
understanding the role of a given molecule in development, adult homeostasis or disease rely
on application of soluble proteins in culture; effects that are rapid and transient and often do
not reflect the ongoing presentation of a protein that typically occurs in nature. In addition to
providing a more relevant assay to understand these basal and pathophysiological functions,
the use of tethered proteins can also aid in the development of new treatments. For example,
long term delivery of GDNF in vivo, by way of protein tethering onto bioengineered
scaffolds, such as microspheres, could be exploited to stall disease progression in PD, or
promote the survival and integration of newly transplanted dopaminergic neurons for
patients. The development of such protein/molecule tethering technologies will be dependent
on ongoing validation of protein/molecule stability and function, using methodologies such as

those described here.
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45 CONCLUSION

Bio-engineering scaffolds, surface immobilised with proteins, have been investigated for their
potential to influence cellular responses in vitro and in vivo. While the benefits of tethered
proteins have been recognised for some years now, there has been a notable lack of research
concentrating on their stability and bio-functionality kinetics. Here we demonstrate, by way
of GDNF example, that tethered protein on electrospun scaffolds are stable for 14 days (with
no evidence of degradation), capable of activating intracellular signalling cascades, and
maintaining cellular effects (GDNF influencing cell viability and differentiation). These
findings hold significant potential for the use of biomaterials in presenting and maintaining
the activity of proteins in vitro and in vivo, and may impact on the ability to enhance tissue

repair.
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with primary neural cell transplantation in vivo



5.1

5.2

5.3

5.4
5.5

Chapter 5

Contents
INTRODUCTION ..ottt 129
5.1.1 Combination of electrospun scaffolds and stem cells for

neural tiSSUE BNGINEETING .....cververierieieii e 129
METHODS ...ttt 132
RESULTS AND DISSCUSSION .....coiiiiiiiiiccic e 133

5.3.1.1 Electrospun PCL scaffolds support the survival and differentiation
of GFP+ primary neural cells cultured on ...........ccccooiiiiiiiiiiieen, 133
5.3.2 N VIVO BXPEIMENTS ..ottt 137
5.3.2.1 Histological reSUILS..........ccoeviiieieeie e 137
CONCLUSION ...ttt e s 147
REFERENCES ......coot it 148

128



Chapter 5

5.1 INTRODUCTION

5.1.1 Combination of electrospun scaffolds and stem cells

for neural tissue engineering

Cell transplantation has been widely studied for brain injury with small lesions or
neurodegenerative disease [1-4]. In terms of an extensive and severe lesion in the injured
brain, a physical support is likely to be necessary and/or beneficial to replace lost tissue,
restore architecture and support regenerating and/or new cells [5-7]. Recently, investigation
into the viability of transplanting neural cells that have been pre-seeded onto tissue
engineering scaffolds has been explored. Modified poly (D,L-lactic-co-glycolic) acid (PLGA)
particle scaffolds with a diameter of 50-100 um were cultured with neural stem cells (MHP36)
for implantation [8]. The neural stem cells were cultured on the particles for a few days and
transplanted into the injured cavity, whereby they interacted with the endogenous cells [8]. In
another study, amnion-derived multipotent progenitor (AMP) cells were combined with
collagen scaffolds for transplantation in animals with penetrating ballistic-like brain injury
(PBBI); and the migration and viability of the cells were observed [9]. Compared to the
transplanted cells or implants alone, the combined AMP/ collagen implant was found to
reduce the axonal degeneration induced previously before implantation, facilitate cell

penetration including astrocytes and neural progenitors, and AMP cell migration [9]. Human
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marrow stromal cells (hMSCs) were delivered via collagen scaffolds into rats with cortical

impact as TBI models [5]. Result shows rats treated with collagen scaffolds seeded with

hMSCs had significant improvement in both sensor and motor function compared to the

hMSCs transplantation alone [5]. Additionally a combination of collagen scaffolds and

hMSCs showed a decrease in the injured volume in the cortex and enhanced protection for

neurons in the specific hippocampal area after traumatic brain injury (TBI) [5]. Another study

also demonstrated that a combination of hMSCs and collagen scaffolds in TBI models

provided extensive vascular formation in the dentate gyrus, hippocampus (CALl and CA3)

and cortex [10].

In summary, studies have shown the advantages of applying scaffolds as a cell carrier for

implantation in animals with severe damage to brain tissue. In terms of different

combinations of scaffolds and cells, further research is required. Therefore, in this chapter an

implantation method together with cell transplantation in the intact brain was optimized to

estimate the potential of bioengineered scaffolds for repair in brain injuries/

neurodegenerative diseases, which may involve large lesions, cystic cavities and lost neural

pathways. | investigated two different methods to combine scaffolds and cells for

implantation purpose, and adopted one for the following research. The optimized

implantation method can well control the location and quantity of cell grafts, which is crucial
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to maximize the efficiency of cell transplantation to the desired sites in the brain.
Additionally the method allows grafted cells being contact with implanted scaffolds, which
promote fibre penetration, grafts survival and did not induce inflammatory response after 28

days implantation.
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52 METHODS

The preparation of electrospun PCL scaffold and ED treatment were prepared according to

section 3.1.1.1 (chapter 3). The structure of scaffolds was examined by SEM as previously

described in section 3.1.3.1. Sections 3.1.4.1 and 3.1.5 provides details for In vitro studies.

The cell culture results were stained and analyzed as described in section 3.1.5.1. The

experimental groups in vitro included: control (glass coated with PDL), and PCL scaffolds

with/ without ED treatment. The in vivo study included two groups, cells alone and PCL

scaffolds. Each embryo provides enough primary neural cells for cell transplantation to each

experimental animal (recipient), and each group contained 5 animals.
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5.3 RESULTS AND DISSCUSSION

5.3.1 Electrospun PCL scaffolds support survival and differentiation of

GFP+ primary neural cells in vitro

Scaffolds for implantation should be nontoxic to cells and not cause a chronic inflammatory
response in the physiological environment. Therefore PCL scaffolds were cultured with
dissociated primary cortical cells to observe the toxicity prior to in vivo experimentation.
Numerous viable primary cortical cells were observed under control and PCL culture
conditions (distinguished by GFP+ staining and plump, non-pyknotic Hoechst labeled nuclei).
After 24hrs, cell viability was approximately 80% under all three culture conditions

(PDL-coated glass, PCL and PCL-ED) (figure5.1).

The results demonstrate that GFP primary cortical cells were able to adhere, proliferate and
differentiate into all 3 neural phenotypes on PCL scaffolds (Figure 5.2-5.3); additionally
neurons possessed visible neurites (axons and dendrites). Overall the in vitro study shows that
the electrospun PCL scaffolds were biocompatible and capable of supporting primary cortical

cells to survive and differentiate after culturing for 24 hours.
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Figure 5.1 GFP cell viability of control, PCL, PCL-ED groups for 1 day cell culture. Mean £ SD

(n=3)

Nuclei/ GFP/ Nestin/ GFAP

Nuclei/ GFP/ TUJ/ NG2

Figure 5.2 (A-J) Fluorescent staining images of GFP primary cortical cells cultured on PDL coated

glass (Control). Image (A, F) Hoechst labeled nuclei, (B, G) GFP cortical cells, (C) Nestin+ NSCs, (D)
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GFAP+ astrocytes, (E) merge of images of A-D; (H) TUJ+ neurons, (I) NG2+ oligodendrocytes and (J)

merge of images of F-I. (scale bar = 200 pm).

Nuclei/ GFP/ Nestin/ GFAP

Nuclei/ GFP/ TUJ/ NG2

Figure 5.3 (A-J) Fluorescent staining images of GFP primary cortical cells cultured on electrospun
PCL scaffold treated with ED as a control group. Image (A, F) Hoechst labeled nuclei, (B, G) GFP
cortical cells, (C) Nestin+ NSCs, (D) GFAP+ astrocytes, (E) merge of images of A-D; (H) TUJ+

neurons, (1) NG2+ oligodendrocytes and (J) merge of images of F-I. (scale bar = 200 pm).

In order to optimize the method of combining electrospun scaffold implantation and cell
transplantation in vivo, the electrospun PCL scaffolds were pre-seeded with cells and rolled
by applying a force in one direction from side to side before implantation. Before conducting
implantation of the pre-seeded scaffolds, the influence of rolling scaffolds for the

implantation with cultured green fluorescent protein (GFP) primary cortical cells pre-seeded
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was studied. Figure 5.4 shows that the morphology of GFP primary cortical cells was

dramatically changed, and all the cells cultured on the scaffolds had been compressed and

detached following rolling. This result led to a need to change the way that cells and scaffolds

were introduced into the brain without affecting the viability and differentiation capability. |

therefore examined the possibility of dual implantations. The PCL scaffolds were rolled and

implanted into the brain and subsequently a cell suspension transplanted either into the cavity

of the coiled PCL or adjacent to the rolled scaffolds which had been implanted prior.

Unrolled scaffold Rolled scaffold

Nuclei

Figure 5.4 The influence of rolling scaffolds cultured with GFP cells on cell morphology and viability.

blue: Hoechst labeled nuclei (scale bar =200 pum).
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5.3.2 Invivo experiments

5.3.2.1 Histological results

The transplanted GFP primary cortical cells were shown to survive after injecting either into
the PCL scaffolds cavity or adjacent to the rolled electrospun PCL scaffolds in vivo for 28
days. Figure 5.5 highlights the interaction between transplanted GFP cells and the implanted
PCL scaffolds. Additionally, penetration of GFP cells into PCL scaffolds was observed. The
transplanted cells seemed to be attracted to the implanted PCL scaffolds, as the result of
migration from the injection sites to the scaffold surface (Figure 5.5 (C)). This result
indicated that the methodology of sequential implantation (PCL scaffolds followed by cell
grafting) was successful. The result shows more cell infiltration and migration when they
were injected adjacent to the rolled PCL scaffolds (Figure 5.5 (A, C)), and clear evidence of

fiber infiltration was observed with higher magnification in figure 5.5 (B) and (D).

Further immunohistochemistry analysis was required to determine the cellular behaviour of
the implanted GFP+ cells; including assessment of differentiation, migration and neurite
penetration. Grafted cells were able to differentiate into neurons and astrocytes as shown in
figure 5.6 (A) and (E). Additionally clear cellular process infiltration from grafted cells

(GFP+), presumably neurites, was observed. These fibres penetrated through the thickness of
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implanted scaffolds (Figure 5.7). The method of implanting the cells adjacent to implanted

scaffolds showed greater beneficial and convincing results than cells implanted into the cavity.

Grafted cells migrated toward and surround scaffolds when they were deposited adjacent to

scaffolds, which create more contacting area between grafted cells and scaffolds eventually.

In contrast, when cells were deposited in the cavity of implanted scaffolds pockets of air

remained trapped in the scaffold cavity, having a negative impact on cell survival, migration

and differentiation (Figure 5.8). Additionally cells deposited in the cavity might have less

propensity to differentiate into neurons or astrocytes compared to cells adjacent to scaffolds

that show greater GFP+ and GFAP+ overlap and GFP+TUJ+ overlap (Figure 5.6). The

possible reasons might be the insufficient space for cell development and isolation from

nutrients provide by the host tissue when cells were trapped in the cavity of scaffolds.

Moreover when cells transplanted adjacent to implanted scaffolds, it shows an increase in

extend processes (TUJ+ neurites) into the scaffolds (Figure 5.6, 5.8).

Assessment of grafted cell differentiation revealed that a notable about of the GFP staining

area overlayed with TUJ staining, indicating that grafted cells were able to differentiate into

neurons and develop neurite that infiltrated into implanted scaffolds in vivo (Figure 5.8). Both

figure 5.5 and 5.6 showed more mature neurons stained by NeuN and less mature neurons

marked by TUJ in figure 5.8. Different degrees of maturity of neurons were stained by
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different markers to show the distribution and grafted cell differentiation.

As shown in figure 5.6 and 5.7 tremendous host derived astrocytes penetrated into the

scaffolds. It is crucial to determine whether astrocyte penetration had a positive or negative

consequence on the grafted cells, and was it a source of neurotrophic factors capable of

attracting grafted NSCs into the scaffolds. Immunohistochemistry revealed that BDNF, but

not GDNF, was deposited through the implanted scaffolds (Figure 5.9) and overlayed with

astrocyte penetration through scaffolds (Figure 5.10). BDNF expression appeared in close

association with astrocytes and may support survival and integration of grafted cells [11].

It is notoriously difficult to isolate the graft without also isolating significant amounts of

surrounding host tissue. Consequently the signal (amount of BDNF presented through

secretion to the scaffold) can be significantly diluted and provide an inaccurate assessment of

levels. The choice for immunohistochemistry was therefore selected, whereby the cell graft

and implanted scaffold can be examined in vivo. Additionally negative control staining was

performed (absence of the primary antibody) to confirm that the labeling observed in figure

5.9 and 5.10 was due to the presentation of BDNF secretion and not non-specific labeling.
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Cavity

Adjacent

Figure 5.5 The interaction between transplanted GFP primary cortical cells and implanted electrospun
PCL scaffolds after implantation in male rats for 28 days. Cells injected in the cavity of rolled
scaffolds (the yellow circle shows the injecting site) with different magnifications (A, B), and adjacent
to the rolled scaffolds (the injecting site was located on the top left of the image) with different

magnifications (C, D). The dark area shows GFP cells. (scale bar = 200 pum)
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GFP/ astrocyte (GFAP)/ neuron (NeuN)

Cavity

Adjacent

Figure 5.6 Fluorescent staining images of GFP primary cortical cells transplanted with PCL scaffolds
in vivo for 28 days. (A-D) the cell injected in the cavity of implanted scaffolds and (E-H) adjacent to
scaffolds. (A) correspond to (B-D) and (E) correspond to (F-H); (B, F) GFP positive cells (GFP?), (C,

G) astrocyte process (GFAPY) and (D, H) mature neurons (NeuN™).
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GFP/ astrocyte (GFAP)/ neuron (NeuN)
¥ 4 r P - . T‘ g . B

Figure 5.7 Fluorescent staining images of GFP primary cortical cells transplanted with PCL scaffolds
in vivo for 28 days with high magnification. (A) correspond to (B-D); (B) GFP positive cells (GFP"),

(C) astrocyte process (GFAP™) and (D) mature neurons (NeuN™).
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GFP/ Neurite (Tuj)

Cavity

Adjacent

Figure 5.8 Fluorescent staining images of GFP primary cortical cells transplanted with PCL scaffolds
in vivo for 28 days. (A-C) the cell injected in the cavity of implanted scaffolds and (D-F) adjacent to

scaffolds. (A) corresponds to (B-C) and (D) corresponds to (E-F); (B, E) GFP positive cells (GFP")

and (C, F) mature neurons (NeuN").
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GFP/ GDNF/ BDNF

Cavity

Adjacent

Figure 5.9 Fluorescent staining images of GFP primary cortical cells transplanted with PCL scaffolds
in vivo for 28 days. (A-D) the cell injected in the cavity of implanted scaffolds and (E-H) adjacent to
scaffolds. (A) corresponds to (B-D) and (E) corresponds to (F-H); (B, F) GFP positive cells (GFP"),

(C, G) GDNF deposition (GDNF") and (D, H) BDNF deposition (BDNF").
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GFP/ astrocyte (GFAP)/ BDNF

Cavity

Adjacent

Figure 5.10 Fluorescent staining images of GFP primary cortical cells transplanted with PCL
scaffolds in vivo for 28 days. (A-D) the cells injected in the cavity of implanted scaffolds and (E-H)

adjacent to scaffolds. (A) corresponds to (B-D) and (E) corresponds to (F-H).
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Overall the scaffolds were biocompatible and can sustain primary cortical cells in culture.

However rolling the scaffolds pre-cultured with primary cortical cells was not a feasible and

sterile option to combine scaffolds and grafted cells for implantation purpose, which causes

cells shearing off and death. Therefore, an implantation method introducing scaffolds and

grafted cells was optimized; the suspension of GFP primary cortical cells was injected in the

core, and adjacent to the previously implanted PCL scaffolds. According to the preliminary

data this method facilitated cell delivery in vivo, with the cells not only surviving but also

migrating to and penetrating inside the scaffolds. The results show that cells transplanted

adjacent to scaffolds was more promising compared to cells deposited in the cavity of rolled

scaffolds due to the negative influence from empty space created inside scaffolds during

implantation (note the acellular regions inside the cavity of the rolled scaffold, arrowhead

figure 5.5). Added to this, the placement of cells inside the center of the scaffold reduced the

graft host interface, including both physical and trophic support. Additionally abundant

host-derived astrocytes penetrated into scaffolds, in addition to BDNF deposition after 28

days implantation. The penetration of astrocytes seemed to have a positive impact on the

grafts by promoting BDNF secretion; further research is required to investigate the effects of

BDNF secretion on NSC development in this context
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54 CONCLUSION

It is important to fabricate scaffolds that promote cell attachment and penetration for

application in brain injury, and this will most likely involve the incorporation of primary

cortical cells to encourage cell differentiation and proliferation. The preliminary work here

indicates that electrospun scaffolds have the potential to provide a physical support for neural

cells adhesion, and maintain cell proliferation and differentiation. Therefore the implantation

of PCL scaffolds, in combination with primary cortical cells, may have the potential to

encourage regeneration within the injured brain.

Electrospun PCL scaffolds were capable to provide GFP primary cortical cells to adhere,

proliferate and differentiate. However GFP primary cortical cells were not able to survive the

physical force applied to rolled PCL scaffolds prior to implantation. A new method of

combining GFP primary cortical cells with PCL scaffolds was optimised and achieved in vivo

as a pilot study, with survival, migration and penetration (into the scaffolds) of the

transplanted cells being observed. Therefore the implantation method was adopted going

forward for this PhD research.
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Abbreviations: CNS, central nervous system; CRT, cell replacement therapy; E, embryonic

day; ED, ethylene diamine; ELISA, enzyme-linked immunosorbent assay; GDNF, glial

derived neurotrophic factor; GFP, green fluorescent protein; iIGDNF, immobilised glial

derived neurotrophic factor; NSC, neural stem cell; PCL, poly e-caprolactone; sGDNF,

soluble glial derived neurotrophic factor.
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6.1 ABSTRACT

With the brain’s limited capacity for repair, new and innovative approaches are required to
promote regeneration. While neural transplantation for a number of neural disease/injuries
have been demonstrated, major limitations in the field include poor cell survival and
integration. This, in part, is due to the non-conducive environment of the adult brain, failing
to provide adequate chemical and physical support for new neurons. Here we examine the
capacity of fibrous poly g-caprolactone (PCL) scaffolds, biofunctionalised with immobilised
glial cell-derived neurotrophic factor (GDNF), to influence primary cortical neural stem
cells/progenitors in vitro and enhance integration of these cells following transplantation into
the brain parenchyma. Immobilisation of GDNF was confirmed prior to in vitro culturing and
at 28 days after implantation into the brain, demonstrating long-term delivery of the protein.
In vitro, we demonstrate that PCL with immobilised GDNF (iGDNF) significantly enhances
cell viability and neural stem cell/progenitor proliferation compared to conventional
2-dimensional cultureware. Upon implantation, PCL scaffolds including iGDNF enhanced
the survival, proliferation, migration, and neurite growth of transplanted cortical cells, whilst
suppressing inflammatory reactive astroglia.

Keywords: Polycaprolactone, scaffold, neural stem cell, brain, nerve tissue engineering,

transplantation, growth factors, GDNF, plasticity.
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6.2 INTRODUCTION

Development of the central nervous system (CNS) is dependent on a tightly orchestrated

sequence of events involving the appropriate temporal and spatial presentation of chemical

cues and physical support. These same sequences of events are required to repair the injured

CNS, however they are either inhibited or significantly attenuated to an extent that repair is

extremely limited. Furthermore, current therapies for the treatment of CNS disease or trauma

are non-existent, minimally effective and/or associated with unwanted side effects, thereby

highlighting the need for new innovative therapies. In this regard, stem cells, due to their

self-renewing and differentiation capacity, have received significant attention for their

potential in cell-based therapies. While cell transplantation using stem cells/progenitors has

shown promise for a number of neurological conditions, and in some clinical trials (see

reviews [1-3]), extensive variability, poor cell survival and insufficient

integration/reinnervation remain common limitations impeding their further development.

Combined, this highlights the need for the development of technologies to improve the

microenvironment for transplanted stem cells and residual endogenous cells in an effort to

promote neural repair. In this regard the engineering and functionalisation of biomaterials are

of increasing interest.
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While numerous biomaterials are available, electrospinning of polymers has drawn attention

for neural repair due to the ability to recapitulate the local tissue environment through the

manipulation of fiber alignment, diameter and inter-fibre distance. These scaffolds provide

physical support for new and residual cells, while also maintaining the architecture at the

injury site [4-6]. In particular, a number of studies to date have demonstrated the ability of

poly (e-caprolactone) (PCL) to support neural cells in vitro and in vivo (see reviews [7-9]).

Previously we showed the ability of PCL to support neural stem cells (NSC) in vitro,

resulting in altered proliferation, differentiation and enhanced neurite growth [10-12].

Additionally we have demonstrated that, following implantation into the brain, host derived

neurites surrounding the injury site were capable of penetrating the PCL scaffolds, thereby

demonstrating biocompatibility and integration [13]. It now remains to be determined to what

extent these scaffolds are able to support transplanted NSC/progenitors in vivo.

In addition to providing physical support, scaffolds can also be utilised to present chemical

cues. A number of studies to date have demonstrated the benefits of administering proteins to

influence cell transplantation. Proteins have been administered intra-cerebrally to promote

cell survival or suppress cell death cascades, enhance differentiation of transplanted cell and

encourage axonal growth and connectivity on implanted cells [14-17]. However, delivery of

these proteins is commonly dependent on the co-transplantation of overexpressing cells,
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implantation of cannulas and infusion pumps or viral infection of host tissue. Each of these

approaches are hindered by problems, including inability to accurately control the site of

protein expression, mis-expression in neighbouring nuclei resulting in inappropriate targeting

of axons, compromised translation of genes to proteins in cases of severe trauma as well as

the inability to down regulate proteins after new cells have appropriately integrated. This

highlights the need for improved methods of in vivo protein delivery. Several studies now

have demonstrated the ability to tether proteins onto scaffolds. In many instances the

presentation of immobilised proteins has been shown to be superior to soluble proteins, as

endocytosis is prevented, thereby prolonging the period of cellular stimulation [18-20]. We

recently immobilised brain derived neurotrophic factor onto PCL scaffolds where it was

shown to influence cellular proliferation as well as promote the differentiation of neurons and

oligodendrocytes from cortical neural stem cells in culture [12]. Whilst immobilised proteins

have been examined in vitro, their ability to induce long-term functional outcomes in vivo,

particularly in the context of supporting neural transplants, requires further investigation.

As two of the major stumbling blocks for the integration of neural transplants into the injured

brain are poor cell survival and inadequate reinnervation of the host tissue, in the present

study we chose to examine the effects of tethered glial derived neurotrophic factor (GDNF)

on cortical neural stem/progenitor cells in vitro and in vivo. GDNF has been shown to

158



Chapter 6

regulate neural cell behaviour including survival, proliferation, differentiation, and neurite

outgrowth in vitro [21-24]. Additionally, in vivo delivery of GDNF using conventional

methods has improved the survival rate and/or neurite growth of both endogenous and

transplanted neurons in a number of models of neural injuries [25-30].

The aim of this study was to investigate the potential for electrospun PCL fibrous scaffolds to

present tethered GDNF to support cortical neural stem/progenitor cell in vitro and upon

transplantation. We investigated their ability to support cell survival, proliferation,

differentiation and enhance neurite growth, thereby enhancing graft integration.
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6.3 MATERIALS & METHODS

6.3.1 Preparation of poly (g-caprolactone) scaffolds and aminolysation

Poly(e-caprolactone) (PCL) was obtained from Sigma Aldrich (St Louis, MO, USA,
molecular weight = 70000 — 90000). Polymer solutions of 10% (w/v) were prepared for
electrospinning by dissolving the PCL in 5 ml of chloroform and methanol (Merck Pty Ltd,
Australia) at a ratio of 3:1 (v/v). The solution was placed in a glass syringe with a 18 - gauge
needle for electrospinning at +20 kV to -5 kV with a 0.394 mL/h flow rate and a working
distance of 10 cm from the plate. The collected PCL scaffolds were dried in a vacuum oven
overnight at 30 °C. Scaffolds were then cut into squares (0.5 cm?) and aminolysed by
immersion in 0.05 M ethylenediamine (ED, Sigma Aldrich, USA) diluted with 2-propanol
(Merck Pty, Australia) for 15 minutes at room temperature. The samples were subsequently
washed in milliQ water three times for 10 minutes and stored in a desiccator under vacuum.
The samples were sterilised in 70% ethanol for 15 minutes and washed with sterilised PBS

prior to in vitro and in vivo testing.

6.3.2 Scanning electron microscopy (SEM)

The scaffolds were coated with 2 nm of platinum using a Cressington sputter coater. PCL
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samples were tilted at 45 degrees and splutter coated at approximately 50-100 turns/per
minute for 30 seconds. A scanning electron microscope was then used for examination of the
scaffold architecture (JEOL JSM-840A SEM W filament). The SEM variables were set as:
20.0 kV (accelerating voltage), 8 mm (working distance), 3000X (magnification) and 1x107°

A (probe current). Fibre diameters were measured using Image J software.

6.3.3 Biofunctionalisation of PCL scaffolds with

glial-cell line derived neurotrophic factor

For immobilisation of GDNF onto the PCL scaffolds,
4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N- hydroxysuccinimide ester
sodium salt (sulfo-SMCC) was used as a cross-linker, as previously described by Horne et al.,
2010. In brief, a 2.5 mg/mL sulfo-SMCC solution (Sigma Aldrich, USA) was prepared in
PBS with 1 hour agitation at room temperature prior to filtration (0.22 um filter). The PCL
scaffolds, treated with ED, were immersed in sulfo-SMCC for 2 hours at room temperature,

prior to being transferred to a solution containing recombinant human GDNF (0.5 or 4 pg/ml;

R & D Systems, USA) overnight at 4 °C.

6.3.4 Confirmation of GDNF attachment by enzyme-linked

Immunosorbent assay and immunhistochemistry

An enzyme-linked immunosorbent assay (ELISA) was used to verify the attachment of
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GDNF onto the scaffolds in samples prepared in parallel to those scaffolds used in vitro and

in vivo. Scaffolds (PCL, PCL with soluble GDNF or PCL+immaobilised GDNF) were washed

3 times in PBST (PBS containing 0.05% Tween-20) prior to blocking in 5% normal donkey

serum. The scaffolds were then immersed in 1 pg/mL of goat anti-GDNF antibody (R & D

Systems, USA) prepared in PBST for 2 hours at 37 °C. The scaffolds were then washed three

times in PBST before being incubated in anti-goat horseradish peroxidase (HRP, 1:2000 in

PBST solution containing 2% donkey serum). Scaffolds were again washed (3x10 minutes in

PBST) and placed in a 96-well plate where the bound HRP activity was assayed by color

development using TMB microwell peroxidase system (R & D Systems, USA). The reaction

was stopped by addition of 1M HCI, and finally the absorbance (450 nm) was measured with

a microtitre plate reader (SpectraMax). ELISA was performed on triplicate scaffolds for each

treatment group and repeated for the 3 independent in vitro cultures as well as the in vivo

implantation of scaffolds.

The attachment of GDNF onto the PCL-ED scaffolds was additionally confirmed by

immunohistochemistry at 28-days after implantation. Brain sections containing the scaffolds

were mounted onto slides for immunostaining against GDNF. All slides were washed (3 x 10

minutes in PBS) and quenched in endogenous peroxidase (10%, methanol, 10%, hydrogen

peroxide and 80% PBS) for 20 minutes before additional washes. Subsequently the primary

162



Chapter 6

antibody, goat anti-GDNF (2 png/mL) prepared in PBS containing 0.3% triton-X, was applied

overnight at room temperature. The next day the slides were washed prior to blocking in 10%

donkey serum in PBS for 30 minutes. The secondary antibody, biotinylated anti-goat (1:500,

DAKO), was added for 1.5 hours at room temperature. The sections were then incubated in

avidin peroxidase (Vectastain® ABC system kit) and then reacted with diaminobenzidine

(DAB, Sigma). The slides were washed in PBS before dehydrating in ethanol, delipiding in

X3B and coverslipping with DPX mounting medium.

6.3.5 Animals

All procedures were conducted in accordance with the Australian National Health and

Medical Research Council’s published Code of Practice for the Use of Animals in Research,

and experiments were approved by the Florey Neuroscience Institute animal ethics committee.

Mice and rats were housed on a 12 h light/dark cycle with ad libitum access to food and water.

Cells used for in vitro culturing and transplantation were obtained from mice that were time

mated overnight, with visualisation of a vaginal plug on the following morning taken as

embryonic day (E) 0.5. All tissue was isolated at mouse embryonic day 14.5 (E14.5). In vitro

culturing of primary cortical cells was performed using tissue obtained C57BL/6 time mated

mice while donor tissue for transplantation was obtained from C57BL/6 time-mated mice

expressing green fluorescent protein (GFP) under the B-actin promoter. The ubiquitous
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expression of GFP within the donor tissue enabled distinction of the grafted cells within the

host brain.

6.3.5.1 Preparation of primary cortical cell suspensions for in vitro

and in vivo application

Pregnant mice (E14.5) were anesthetised with isoflurane prior to cervical dislocation. The
collected embryos were immersed in chilled L15 medium (invitrogen), the brains removed
and cortices microdissected. Subsequently the tissue fragments were incubated in 0.1%DNase
and 0.05% trypsin (in magnesium and calcium free Hank’s buffered saline solution, HBSS)
for 15 minutes followed by 3 gentle washes in HBSS. Finally, the tissue fragments were
dissociated in N2 media consisting of a 1:1 mixture of F12 and MEM supplemented with 15
mM HEPES buffer, 1 mM glutamine, 6 mg/ml glucose (Sigma-Aldrich), 1.5 mg/ml bovine

serum albumin and 1% N2 supplement (all purchased from Invitrogen).

For in vitro culturing, cells were seeded at a density of 175,000 cells /cm? onto either
poly-D-lysine-coated coverslips or prepared PCL scaffolds and incubated at 37 °C in 5% CO;
for 3 days. After 3 days, the cells were fixed with 4% paraformaldehyde for 20 minutes,
washed and stored in PBS containing 0.025% sodium azide until the time of
immunocytochemistry. For in vivo transplantation, the cells were suspended at a density of

100,000 cells/uL. in HBSS containing 0.1% DNase and stored on ice until the time of
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implantation.

6.3.5.2 Cell transplantation and PCL implantation

Twenty-four male Wistar rats received implants of either: PCL scaffolds, GFP cells, GFP cells
+ PCL scaffold or GFP cells + PCL_iGDNF scaffold. In all animals, immune suppression
(Cyclosporine A, 15 mg/kg, subcutaneous) was commenced 24 hours prior to transplantation,

and 10 mg/kg given daily thereafter for 28 days.

Rats were anesthetised using 5% isoflurane (Baxter; Deerfield, IL, USA), and the level of
anaesthesia subsequently maintained at 2% for the duration of the surgery. The rats were
placed into a stereotaxic frame (Kopf) and an incision made in the scalp to reveal the skull.
Bi-lateral craniotomies were drilled overlying the striatum at 1.0 mm anterior and 2.5 mm
lateral to bregma. The sterile scaffolds were rolled and inserted into a 21 G needle. The
needle was then stereotaxically implanted into the striatum at 1.0 mm anterior and 2.5 mm
lateral relative to bregma, and to a depth of 5.0 mm below the dural surface. A plunger was
subsequently inserted into the needle making contact with the top of the previously loaded
scaffold. This remained static as the needle was removed leaving the scaffold in the desired

location.
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Micro-transplantation, using a fine glass capillary (50 um internal diameter) attached to a 5
ul Hamilton syringe, was used to deliver a total of 1 pl of the cortical GFP neural
stem/progenitor cell suspension (100,000 cells) into the striatum (1.0 mm anterior and 2.5

mm lateral to bregma, 3.5 mm below the dural surface), directly adjacent to the scaffold.

Four weeks after transplantation, animals received a terminal dose (100 mg/kg, i.p.) of
sodium pentobarbitone (Virbac; Peakhurst, Australia) and were transcardially perfused with
warmed saline (0.9% wi/v), followed by ice-cold paraformaldehyde (4% w/v in 0.1M
phosphate buffer). The brains were post-fixed for 2 hours in 4% paraformaldehyde and
cryo-protected overnight in sucrose (30% wi/v in 0.1M phosphate buffered saline) before

being coronally sectioned on a cryostat (10 series collected at a section thickness of 20 pm).

6.3.6 Immunohistochemistry

Immunohistochemical procedures on primary cortical cultures or brain sections mounted on
slides were performed as previously described [31]. Primary antibodies and dilution factors
were as follows: chicken anti-GFP (1:1000, abcam), rabbit anti-GFP (1:20000, abcam),
mouse anti-f tubulin (TUJ1, 1:1500, Promega, USA; neuronal marker,) and rabbit anti-glial
fibrillary acidic protein (GFAP, 1:800, Dako Cytomation, Denmark; astrocyte marker), rabbit

anti-NG2 (NG2, 1:500 Millipore; oligodendrocyte marker) and mouse anti-nestin (Nestin,
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1:200, Millipore, neural stem cell marker). Secondary antibodies for (i) direct detection were

used at a dilution of 1:200 DyLight 488, 549 or 649 conjugated donkey anti-mouse,

anti-chicken or anti-rabbit (Jackson ImmunoResearch); and (ii) indirect with

streptavidin-biotin  amplification—biotin  conjugated  anti-rabbit  (1:500; Jackson

ImmunoResearch) as described above. All in vitro cultures were counter-stained with the

nuclear marker Hoechst (1:1000, Invitrogen) for 5 minutes.

From in vitro cultures, all PCL scaffolds and coverslips were slide mounted and, along with

immunostained brain sections, coverslipped using DAKO mounting media. Brightfield and

fluorescent images were captured using either a Zeiss epifluorescent or Olympus confocal

microscope.
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6.4 RESULTS & DISCUSSION

The future of cell based therapies for the treatment of neural injuries, resulting from trauma

or neurodegenerative disease will be dependent on improved methodologies to promote the

survival and integration of new cells into the host tissue. In the present study, we examined

the ability of electrospun PCL scaffolds functionalised with immobilised GDNF to provide

structural and chemical support for cortical neural stem cells/progenitors in vitro and

following cell transplantation. Specifically, we examined cell survival, proliferation, and

differentiation in vitro and in vivo, as well as graft integration (fiber growth) upon

transplantation.

6.4.1 Characterisation of PCL and GDNF immobilisation

Electrospun scaffolds have been extensively studied due to their bio-mimetic properties to the

extracellular matrix in the physiological environment [32, 33]. Previously we demonstrated

that random alignment of PCL fibres, together with greater interfibre distances, were superior

at supporting neurons and neurite growth in vitro and in vivo, in comparison to aligned fibres

having smaller interfibre distances [11-13]. Therefore, in the present investigation electrospun

PCL scaffolds were specifically fabricated with random fibre alignment, a micron fiber

diameter and micron inter-fiber distances, in order to encourage cell infiltration and the
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ingrowth of cellular processes (i.e. neurites). Using SEM, we confirmed that the resultant

electrospun fibers had a mean fiber diameter of 2.3 + 0.6 um (figure 6.1 A).

The PCL scaffolds were chemically functionalised with the neurotrophin, GDNF, in an effort

to influence cell survival, differentiation and to promote neurite growth. The tethering of

GDNF onto PCL scaffolds was confirmed with ELISA prior to in vitro culturing and in vivo

implantation into the host brain, as well as by immunohistochemistry at 28 days after

implantation (Figure 6.1). Initially the electrospun PCL scaffolds were aminolysed via

treatment with ethylene diamine (ED). The resultant presentation of amine moieties on the

surface of the scaffolds was important for attachment of the cross-linker sulfo-SMCC and

subsequent GDNF tethering. ELISA results demonstrated that a significantly greater amount

of GDNF was attached on PCL scaffolds in the presence of the sulfo-SMCC cross-linker

(PCL_iGDNF) compared to its soluble counterpart (PCL_sGDNF), Fig. 6.1 B. This was true

whether low (0.5 pg/ml) or higher (4 pg/ml) concentrations of GDNF were used for

conjugation. As higher concentrations of GDNF resulted in more GDNF attachment

compared to low (1.4 + 0.1 and 0.9 + 0.2, respectively), this dose was used for protein

tethering in all subsequent in vitro and in vivo studies. Interestingly, the addition of GDNF in

the absence of sulfo-SMCC cross-linker (PCL_sGDNF) resulted in detectable levels of the

protein by ELISA, significantly higher than the control (PCL), even in instances were wash
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times were extended, Fig.1B. This indicated that a proportion of GDNF was physically

adsorbed onto the surface of the PCL fibers.

GDNF attachment was additionally confirmed by immunohistochemistry at 28 days after

implantation into the brain of rats. A cross section through the PCL scaffold embedded within

the brain, depicted in Figure 6.1 C and D, illustrates that GDNF attachment was not only on

the surface of the scaffold but throughout its entire thickness. These findings demonstrate that

GDNF protein can be tethered onto electrospun PCL scaffolds via sulfo-SMCC crosslinking

with concentration dependency, and maintained for at least 28 days in vivo, thereby

establishing a long-term delivery system for proteins.
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Figure 6.1 Microstructure of electrospun poly e-caprolactone scaffold and confirmation of
GDNF immobilisation. (A) SEM image shows the fibrous structure of electrospun PCL scaffolds. (B)
GDNF ELISA confirms the attachment of GDNF onto PCL-ED scaffolds via sulfo-SMCC crosslinker.
(C) Cross section of PCL scaffolds and (D) PCL scaffold + immobilised GDNF after implantation into
the rat brain for 28 days. Immunohistochemistry against GDNF confirms the presence of immobilised
GDNF after 28days in vivo. Data represents Mean + SEM. *P<0.05, **P<0.01, One way ANOVA

with Tukey post-hoc test. Scale bars = 100 um.
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6.4.2 Effect of modified PCL scaffolds on cell survival, proliferation and

neural differentiation in vitro

In a number of neural injuries, including stroke and traumatic brain injury, cortical neurons
are lost, resulting in a wide range of sensory, cognitive and motor deficits. In this regard,
primary cortical cultures provide a relevant cell population in which to study the benefits of
electrospun scaffolds, including physical and chemical modifications, in the support of neural

transplants.

The three dimensional, as well as macroporous structure of electrospun scaffolds provides an
enhanced surface area-to-volume ratio with high porosity that has been shown to influence
cell survival, proliferation, differentiation and neurite growth, see review [9]. In support, we
recently demonstrated the ability of PCL scaffolds to support neurospheres and their
differentiation in vitro, in a manner superior to conventional two dimensional cultureware
[12]. Here we confirmed the biocompatibility of cortical neural stem cell/progenitors on PCL
as well as their responsiveness to iGDNF in vitro, prior to in vivo implantation. Cells were
cultured on either PDL-coated glass coverslips (Control), PCL-ED scaffolds (PCL), PCL-ED
scaffolds with soluble GDNF (PCL_SGDNF) or PCL-ED scaffolds with iGDNF
(PCL_iGDNF). Primary cortical cells cultured on PDL-coated coverslips showed a viability

rate of 48% + 2% (figure 6.2 A), with a significant (37%) increase in cells when grown on
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PCL (65% + 3%). Presentation of GDNF, a neurotrophin known to promote the survival of

neural cells [34], either soluble (i.e. absorbed into the scaffold, PCL_sGDNF) or tethered

onto the PCL fibers (PCL_iGDNF), resulted in a significant increase in cell viability (77% +

2% and 93% + 6%, respectively) in the comparison with the control (glass coated with PDL)

and unmodified PCL scaffolds.

We wished to ascertain whether the increased proportion of viable cells observed on modified

PCL scaffolds was the consequence of survival or additional proliferation. Previous work has

demonstrated that nanofibre, as well as the aminolysation of scaffolds can enhance neural

stem cell proliferation [12, 35] and self-renewal of embryonic stem cells, via activation of the

small GTPase Rac and phosphoinositide 3-kinase [36]. Here we demonstrate that culturing on

randomly aligned PCL scaffolds of microfiber, rather than nanofibre, diameter also promoted

proliferation, with a significant increase in the proportion of Nestin+ NSCs cultured on PCL

compared to controls (28.3% + 5.3% and 3.9% + 0.7%, respectively), Figure 6.2 B,D,E,F.

Electrospun scaffolds can also enhance cell adhesion in vitro and in vivo through their high

porosity and surface area to volume ratio, and by mimicking aspects of the extracellular

matrix. While the increase in cell viability on PCL versus control is comparable to the

increase in Nestin+ cells, we cannot disregard the possibility that PCL may also be acting to

promote cell adhesion.

173



Chapter 6

In addition to the physical attributes of fibrous scaffolds to enhance Nestin+ populations,

GDNF has also been shown to act as a mitogen, affecting the proliferation of neural stem

cells within the hippocampus and enteric nervous system [37-39]. We therefore examined the

effects of tethering GDNF onto PCL scaffolds on the proportion of Nestin+ cells within

primary cortical cultures. While we observed a significant increase from the controls (control:

4% + 1%, PCL_iGDNF: 42% + 4%), the percentage of Nestin+ were similar between PCL

and PCL_iGDNF, suggesting that the physical properties of the PCL, (and not the presence of

GDNF) affected Nestin+ populations (Fig 6.2 B).

Next, we demonstrated the ability of cultured cortical NSC/progenitors to differentiate into

the three neural lineages; neurons, astrocytes and oligodendrocytes. The differentiation ratios

were similar for cells cultured under all conditions, with TUJ+ neurons dominating the

cultures (Fig 6.2 C, G-I), whilst GFAP+ astrocytes and NG2+ oligodendrocytes were notably

sparse (Fig. 6.2 G and 6.2 D’, respectively). The propensity for neuronal differentiation was

not surprising given that the donor age of the cultures (E14.5) corresponded to a period of

peak cortical neurogenesis, an event preceding gliogenesis. A comparison of the cultures

revealed a significant decrease in TUJ+ cells on PCL compared to controls (Fig 6.2 C),

possibly due to the enhanced proliferation observed within these cultures (Fig 6.2 B). Taken

together, these findings demonstrate that electrospun PCL scaffolds were non-toxic to
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primary cortical cells, capable of promoting cell viability and elicited effects on the

proliferation of Nestin+ NSC and TUJ+ neuronal differentiation.
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Figure 6.2 Modified PCL scaffolds, including tethered GDNF, enhances cell viability and

proliferation, but has no effect on neural differentiation in vitro. (A) PCL scaffolds, and GDNF,

enhance cortical cell viability and (B) proliferation of nestin+ neural stem cells/progenitors compared

to culturing on PDL-coated glass coverslips (control). (C) PCL and GDNF have little effect on the

differentiation of neurons, as well as astrocytes and oligodendrocytes (data not shown). (D-F, D’)
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Representative photomicrographs of NG2+ oligodendrocytes, nestin+ neural stem cells, (G-1) TUJ+
neurons and GFAP+ astrocytes cultured on glass, PCL and PCL_iGDNF. Cultures were co-stained
with Hoechst to identify viable cells (nuclei) in culture. Data represents Mean + SEM. *P<0.05,
**pP<(.01, ***P<0.001, One-way ANOVA with Tukey post-hoc test. Groups: Control, PDL coated
glass coverslip; PCL, PCL treated with ethylene diamine; PCL_sGDNF, PCL-ED with soluble GDNF;

PCL_iGDNF, PCL-ED with Sulfo-SMCC crosslinker and immobilised GDNF.

6.4.3 Effect of modified PCL scaffolding, and GDNF, on graft survival

and cell migration

Given the ability of PCL scaffolds, including tethered GDNF, to support NSCs and their
derivatives in vitro, we next wished to examine the potential the scaffolds to support and
promote the integration of neural stem/progenitor cell grafts. Our previous work examined
the inflammatory response following implantation of PCL scaffolds (in the absence of a cell
graft), concluding that PCL does not elicit a prolonged foreign body reaction and is capable
of interfacing with the host tissue [13]. In the present study animals received implants of
either: (i) PCL scaffold, (ii) GFP+ cells, (iii) GFP+ cells adjacent to a PCL scaffolds or (iv)
GFP+ cells adjacent to a PCL scaffolds with iGDNF. Donor tissue (E14.5 cortex) was
isolated from GFP mice to enable visualisation of grafted cells and their fiber innervation
(GFP+) within the host tissue (GFP-). All animals receiving cell transplants displayed viable
grafts at 28 days, as indicated by the presence of GFP+ staining. All cell grafts were localised

within the striatal target of the host brain and showed no signs of neural overgrowth.

176



Chapter 6

Quantification of GFP+ cells demonstrated that PCL had no deleterious effect on the survival

of transplanted cells, showing trends towards increased cell survival (> 2-fold increase in the

number of grafted GFP+ cells in the presence verses the absence of PCL, Fig. 6.3 A). iGDNF

resulted in a significant (317%) increase in GFP+ cells compared to implants of cells alone

(3070 + 480 and 970 + 270, respectively, Fig. 6.3 A-D), demonstrating that GDNF was

capable of maintaining its trophic effects following tethering and implantation.

Next we examined the effects of PCL on cell migration. In the absence of a cell graft,

Hoechst+ nuclei were observed within the implanted scaffold, indicating that large interfibre

distance was sufficient to allow cell penetration, that host-derived cells were capable of

undergoing migration and, demonstrating the biocompatibility of PCL in vivo. In the presence

of a GFP+ graft, notably more (> 3-fold) cells were observed within the scaffold, presumably

due to the high number of migrating neuroblasts present within the embryonic donor tissue.

Previous studies have shown that GDNF is responsible for the tangential migration of cortical

GABA neurons within the ventral telencephalon during development [40]. Here we show that

tethered GDNF similarly evokes an effect on the migration of transplanted cortical cells,

resulting in a significant increase in the number of Hoechst+ nuclei within the scaffolds (Fig.

6.3 E-H). Whilst GDNF was tethered onto the surface, figure 6.1 B illustrates that

approximately a third of the protein was absorbed and therefore likely to gradually diffuse
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from the scaffold, forming a gradient capable of attracting neuroblasts. The propensity for

more cells to remain within the scaffold at 28 days is likely due to the presence of the

tethered protein.
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Figure 6.3 PCL scaffolds, and immobilised GDNF, support GFP+ grafted cells and cell
migration. (A) Tethered GDNF significantly increases the number of GFP+ in vivo following
implantation. (B) Micrographs of GFP+ grafted cells within the rat striatum and (C) adjacent to a PCL
scaffold and (D) PCL scaffold with tethered GDNF. (B’-D’) Higher magnification of images B-D. (E)
GDNF promotes the migration of cells onto the implanted scaffold. (F) Images showing hoechst
labeled cells that have migrated onto the PCL scaffold in the absence of a GFP+ graft (i.e. host
derived cells), (G) in the presence of a GFP+ cell graft and (H) the effect of GDNF on the migration
of these cells. Yellow dotted lines show the outline of implanted scaffolds. Data represents Mean +

SEM. *P<0.05, **P<0.01, One-way ANOVA with Tukey post-hoc test. Groups: Cells = GFP+ graft in
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the absence of PCL; PCL = PCL scaffold in the absence of GFP+ graft; PCL+ cells = GFP+ cortical
cell graft adjacent to PCL-ED implant; PCL_iGDNF = GFP+ cortical cell graft adjacent to PCL-ED

implant with immobilised GDNF.

6.4.4 Effects of PCL scaffolding on the proliferation and differentiation of
transplanted NSCs/progenitors

In support of our past and present in vitro findings (Fig. 6.2 B and [12]), there was a notable
increase in Nestin+ NSCs within the graft when additionally exposed to iGDNF via PCL
scaffolds (Fig. 6.4 A,E,F,G) in the comparison with cell transplantation alone. Nestin is an
intermediate filament protein expressed in dividing cells during development of the nervous
system (CNS) and becomes downregulated upon differentiation when it is then replaced by
tissue-specific intermediate filament proteins. The increase in the percentage of Nestin+/
GFP+ cells here (Fig. 6.4 A) demonstrates the ongoing support of immature neurons within
the graft and accounts for the increase in total GFP+ cells as show in figure 6.3 A. Further
studies, involving longer graft survival periods, are required to observe the
maturation/identity of these graft-derived NSC/progenitors, however based upon the
following differentiation findings, we speculate that the majority of these cells will adopt a

neuronal fate.
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Next, we examined the effect of PCL+iGDNF on those graft-derived GFP+ cells that had

undergone differentiation in vivo. Similar to in vitro culturing, TUJ+ neurons remained the

predominant cell type within all grafts. Exposure of the transplanted cells to PCL (+GDNF)

had little effect on the differentiation ratio of TUJ+ neurons or NG2+ oligodendrocytes, with

similar proportions observed in all treatments (Fig. 6.4 B,C). Importantly however, as PCL

and PCL+iGDNF resulted in notable and significant increases in total GFP cells the overall

yield of neurons and oligodendrocytes within these grafts were enhanced. Finally we

observed that the presentation of GDNF to the graft resulted in a significant decrease in

GFAP+ reactive astrocytes (Fig. 6.4 D, H-,J). This is important, as the introduction of grafts

within the brain results in iatrogenic injury, which is followed by an inflammatory response

that includes astrocytes proliferating locally and becoming reactive. It is the persistence of

these activated astrocytes that results in glial scarring and prevents neurons and axons from

entering the injury site and promoting reinnervation. Interestingly, the use of biomaterials in a

cell transplantation have previously been shown to reduce astrogliosis [41] and furthermore, a

recent study has attributed the benefits of GDNF in spinal cord axonal regeneration to the

ability of this protein to inhibit reactive astrocytes [42]. We therefore believe that the ability

to limit the associated astrocytosis contributed to the superior graft survival observed, and

may also be important in controlling glial scarring.
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Figure 6.4 Effect of PCL and GDNF immobilisation on the differentiation and proliferation of
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(GFAP+GFP+) within rat striatal grafts. PCL and GDNF have no effect on the differentiation of
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grafted cortical cells, but significantly enhance the proportion of graft-derived neural stem cells. (E-G)
Representative photomicrographs of nestin+GFP+ neural stem cells and, (H-J) GFAP+GFP+ astroglia
within the graft and. Data represents Mean + SEM, **P<0.01, One-way ANOVA with Tukey post-hoc

test.

6.4.5 Influence of PCL scaffolding and tethered GDNF on graft integration

The use of GFP donor tissue not only allowed for visualisation and quantification of grafted
cells, but also the extensive network of processes emanating from these cells. This enabled
assessment and comparisons of the total area innervated by the grafts within the striatum, as
well as penetrating the scaffolds. Figure 6.5 A-C shows GFP immunolabeling of grafted cells
and their fiber network from representative animals receiving (A) cells (B) cells + PCL or (C)
cells + PCL_iGDNF. Grafting adjacent to PCL_iGDNF scaffolds resulted in increased
numbers of GFP+ cells relatively to cell transplantation alone but not unmodified PCL
scaffolds (Fig. 6.3 A), presumably due to improved support for grafted cells and proliferation
of graft derived Nestin+ cells. Not surprisingly, the increase in cell number resulted in similar
trends of enhanced graft size (i.e area covered by GFP+ staining, Fig. 6.5 A-D). Further
examination of the ability of grafted cells to respond to tethered GDNF was demonstrated by
an increase in the area of the scaffold covered by GFP+ staining compared to grafting
alongside PCL alone (26% + 6% and 8% + 2%, respectively, Fig. 6.5 E-G), suggesting that

the trophin was capable of eliciting effects not only on cell number and proportion, but
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additionally on GFP+ fibers. Finally, we examined the identity of GFP+ fiber growth

penetrating the scaffolds to ascertain whether iGDNF promoted the infiltration of neurites

(neuronally derived axons and dendrites), astroglia fibers or oligodendrocyte processes. The

presence of tethered GDNF (PCL_iGDNF) resulted in a significant (> 2-fold) increase in the

penetration of TUJ+ neurites (PCL+cells: 15% + 2%, PCL_iGDNF+cells: 42% + 10%, Fig.

6.6). Interestingly, neuronal differentiation was not altered across the grafted groups (figure

6.4 B), indicating that the increased neurite penetration observed in the presence of iIGDNF

was due to neurite extension, a previously ascribed role for GDNF in development [43] and

following cell transplantation [44].
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One-way ANOVA with Tukey post-hoc test and students t-test.
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and, (J) neural stem cell processes (Nestin+) in the presence or absence of immobilised GDNF. (B-C)
Representative images of TUJ+, (E-F) GFAP+, (H-1) NG2+ and (K-L) Nestin+ fibers penetrating the
scaffold from grafted cortical neural cells. Data represents Mean + SEM, *P<0.05, One-way ANOVA

with Tukey post-hoc test.
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6.5 CONCLUSION

Brain tissue engineering aims to develop biologically functional scaffolds to repair, replace

and/or regenerate damaged neural tissue. Although a number of scaffolds have been utilized,

electrospun fibres remain attractive due to their high surface area to volume ratio, porosity

and fibrous three dimensional structure. While there is an abundance of literature detailing

various methods to optimise the morphology of these fibers and their use in vitro, there is

seemingly a lack of research focused on their chemical modification and in vivo application.

Here we demonstrate that the physical attributes of electrospun PCL can support

NSC/progenitors in vitro as well as following transplantation. Furthermore, the tethering of

proteins onto the scaffolds enables prolonged exposure to functional trophic cues capable of

positively impacting cellular proliferation, differentiation and neuritic growth in the

comparison with the cell transplantation alone in vivo, thereby improving the integration of

transplanted cells.
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7.1 INTRODUCTION

Although disease modifying therapies may be developed, reconstruction of the damaged
brain will still be required. Cell replacement therapy (CRT) offers a long term strategy to
repair this damage [1, 2]. Previous studies demonstrate that in principle CRT has convincing
clinical benefits but outcomes are highly variable and there are several underlying problems
that must be addressed before further clinical progress can be made [3]. Two major obstacles
still exist, which are the survival of grafted cells and their integration into the host circuitry to
promote functional outcomes. In this thesis engineering and nanotechnology principles were
employed to produce scaffolds that can be incorporated into stem cell biology and cell
replacement therapy strategies. These scaffolds offer an approach to improve survival of
grafted cells and their integration into the host central nervous system (CNS) by providing

physical and biochemical support [4-6].

Scaffolds to support neural circuits

Implantation of scaffolds into injury sites offers an attractive strategy to optimize neural
regeneration [7]. These scaffolds can be: a) fabricated to provide a 3-dimensional (3D)
support network for new cells and axons and to improve contact guidance and differentiation
of primary neural cells, b) functionalized to contain surface bound trophic molecules relevant
for survival, differentiation and axon guidance and c) fabricated to have controlled
degradation times under physiological conditions. In this regard, scaffolds have received
considerable attention for implantation to repair tissue damage, which proof of principle of

these being shown in the previous chapter [8].
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There are numerous different scaffolds that have been employed for brain regeneration,
including hydrogels and electrospun nanofibres, to find an optimal model of the native 3D in
vivo environment [6, 9]. It has been shown that neurones cultured on 3D electrospun
nanofibres are more likely to adopt in vivo like morphologies, differentiate and survive longer
than those cultured on 2D substrates of the same materials or conventional tissue culture-
ware [4, 5]. Electrospun nanofibres provide the best simulation of the 3D in vivo environment
of neural tissue because fibre alignment, diameter and inter-fibre distance can be
characterized and regulated to generate a surface more permissive for primary neural cells
cell adhesion and axon support [10-12]. Furthermore, functionalization with surface bound
amines on electrospun polymer nanofibres and alterations in hydrophobicity can alter cellular
responses. The mechanism for these superior characteristics is unclear, but enrichment with
supportive proteins, binding, and activation of negatively charged proteins has been
proposed. Whilst these advantages of nanofibres can be deployed to improve tissue culture
[10, 13], their application in vivo is more problematic. In vivo nanofibrous materials are best
applied to repairing peripheral nerves or spinal cord transections [14-16], where scaffolds can
be ‘wrapped’ around the ends of transected fiber bundles to promote cell infiltration and
axonal growth. In the brain paranchyma, we have implanted these scaffolds and demonstrated
their ability to support endogenous cells and neurite growth [6], similarly we have shown in
chapter 6 their ability to support transplanted neurons [8]. However the bulkiness of these
scaffolds and their tendency to induce inflammation (at the implant-host interface) and tissue
damage renders them less attractive [6]. In order to overcome this, we have begun working
with temperature sensitive ‘smart’ xyloglucan (polysaccharide) hydrogels, which is a liquid
at 4 °C but at biological temeratures will assemble into macroporous scaffolds [17]. This is
also appealing for CRT because cells can be mixed into the liquid prior to implanation. On

injection the fluid flows to fill extracellular voids in the CNS but promptly assembles into a
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3D scaffold on which the cells can interact. Hydrogels also have the advantage of being
highly permeable (for oxygen and nutrients) as well as possesses low interfacial tensions
(important for cell viability and migration). Like nanofibers, hydrodels can be modified to
effect cellular responses such as: promote cell migration or neurite growth (by altering gel
pore size), promote neurite elongations (by alterations in charge magnitude and affect
neuronal differentiation (by altering substrate elasticity) [18-22]. Consequently, a composite
of nanofibers and hydrogels may present a more ideal scaffold for promoting neural tissue
repair — capable of physically supporting cells and axons, being easily implantable and

capable of maximal nutrient exchange.

Additional to the physical support, scaffolds are also capable of delivering molecules to
promote proliferation, differentiation, survival and axonal growth in vitro and in vivo (shown
in chapters 5 and 6). It is widely accepted that many ligands act at the surface rather than in a
soluble form, however until recently their actions in this context could not be studied.
Examination of immobilized proteins was previously hindered by difficulties in stably
attaching ligands to a surface while maintaining cellular accessibility. Ligand immobilization
onto a surface prevents endocytosis of the molecule, thereby prolonging the period of
stimulation. Recently its has been illustrated that immobilization of brain derived
neurotrophic factor (BDNF) onto nanofibrous scaffolds was superior to soluble BDNF in
supporting the proliferation and differentiation of primary cortical cells in vitro [4]. We have
also shown in the previous chapter the capacity of biofunctionalised scaffolds with
immobilised GDNF to positively influence primary NSCs in vitro compared to control by
increasing about 40% of cell survival (Figure 6.2), and enhance integration of these cells

following transplantation into the brain parenchyma compare to unmodified scaffolds (as
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reflected by figure 6.3 E). This provides the necessary validation of the ability of these

materials to support cell transplantation.

However, in order to interface with the brain parenchyma, nanofibres and hydrogels will be
used to construct 3-dimensional composite scaffolds to provide an environment more
conducive to tissue re-organization. In this chapter we will employ a novel approach to form
a multicomponent scaffold by imbedding short electrospun nanofibres in a hydrogel matrix.
Short electrospun nanofibres will be produced using ultrasonication technology, which
facilitates the bulk scission of electrospun nanofibrous membranes to produce short, discrete
injectable nanofibres. The advantages of such a scaffold is that they will have the advantages
of both electrospun nanofibrous and hydrogel scaffolds to a) provide a better milieu for
nutrient exchange; b) provide features similar to the ECM; and c) an environment where
grafted cells interact with neighbouring host tissue. Our hypothesis was that this would
promote superior cell or axon adhesion, neurite elongation and alters the differentiation of
transplanted cells. In this chapter we will also immobilized growth factors (GDNF) onto the

scaffolds to deliver trophic factors.

This chapter will thereby assess the ability of nanofibrous/hydrogel composite scaffolds to
support primary neural cells, their derivatives and neurite processes in culture as well as their
ability to promote the survival and integration of neural transplants in an animal model of
Parkinson’s disease (PD). PD was selected due to the most progress in regards to cell
replacement therapy; it therefore seems the most obvious place to start when trying to
improve neural cell therapy approaches. This scaffold will encompass the benefits of both
nanofibres and hydrogels to give a superior material for primary neural cells, differentiated

neural cells and axons, in vitro and in vivo. This composite scaffold will have the unique
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structural benefit of nanofibres, but the superior properties of a hydrogel for the purpose of

implantation.
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7.2 METHODS

Composite scaffolds, combing xyloglucan and short fibres of electrospun scaffolds, were
prepared and characterised according to sections 3.1.2 and 3.1.3 (chapter 3). The scaffolds
were modified and tethered with GDNF as described in section 3.1.3. Primary neurons,
isolated from the developing ventral midbrain (VM) were seeded in culture as described in
sections 3.1.4 and 3.1.5. The in vitro experimental groups included: control (glass coated
with PDL), xyloglucan, xyloglucan with short fibres, xyloglucan with short fibres mobilized
with GDNF. After confirming the biocompatibility of composite scaffolds, the scaffolds were
implanted together with VM cells in the mouse brain of PD. Section 3.1.6.1 provides a
detailed account of the materials and method employed to create the PD model in mice, and
section 3.1.6.3 outlines the implantation cells together with composite scaffolds. Ten Weeks
after implantation, animals were intracardially perfused with paraformaldehyde and their

brains processed for histological examination (see sections 3.1.6.4 and 3.1.6.5).
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7.3 RESULTSAND DISCUSSION

Parkinson’s disease is a neurodegenerative disease characterised by the progressive
degeneration of ventral midbrain dopamine neurons. Studies have demonstrated that fetal
derived tissue, enriched with dopamine neurons, and transplanted into the brains of
Parkinson’s disease patients survived, integrated within the host circuitry and provided
symptomatic relief. However extensive variability was observed between patients illustrating
that there is much improvement required before such transplantations can be routinely
employed in the clinic. Key areas of concern have been the survival of the transplanted
neurons and their ability to adequately re-innervate the host tissue. In the present study, we
examined the ability of a poly-lysine functionalised xyloglucan hydrogel scaffold
incorporating short electrospun PLLA nanofibres to support the neural transplants in PD
mouse models. The electrospun PLLA nanofibres were selected due to the brittle properties
for sonication [23]. The short nanofibres were functionalised with immobilised GDNF so that
the composite scaffold was able to provide structural and chemical support for ventral
midbrain neural stem cells/ progenitors invitro and following cell transplantation.
Specifically, we examined viability, differentiation and neurite morphology of the cells
in vitro as well as the survival of transplanted cells and graft integration (fiber growth) upon

transplantation into an animal model of PD.
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7.3.1 Characterisation of engineered scaffolds

7.3.1.1 Characterisation of the xyloglucan hydrogel

XPS was used to determine the extent of PDL grafting to the xyloglucan. Figure 7.1 shows a
survey spectrum of PDL and the unmodified and modified xyloglucan, where the appearance
of the nitrogen peak on the modified material is highlighted. The extent of PDL grafting was
determined using and XPS to investigate the nitrogen to carbon ratio. We discovered that
the N/C ratio was 0.056 + 0.003, indicating that there was 1.30 PDL molecules immobilised
to each xyloglucan repeat unit. Isothermal rheological experiments were conducted to
determine the composition at which the elastic modulus of the xyloglucan hydrogels matched
the modulus of neural tissue in the spinal cord (3kPa to 300kPa) (Figure 7.2) [24].
Additionally, both elastic and loss moduli have been shown to affect cell responses, and
figure 7.2 shows that 6 is similar before and after the PDL attachment [25, 26]. An SEM
image of the xyloglucan hydrogel post PDL functionalisation (Figure 7.3) confirmed the
macroporous structure that has been reported previously in the literature and its suitability for
cell culture and transplantation [9]. The structure consisted of large laths, which was

insensitive to the inclusion of PDL in the xyloglucan structure.
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Figure 7.1 XPS of xyloglucan (A) and xyloglucan functionalised with PDL (B)
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Figure 7.2 Isothermal rheological (37°C) of xyloglucan and xyloglucan functionalised with PDL. A)
isothermal gelation of xyloglucan, B) isothermal gelation of xyloglucan modified with PDL, C)

isothermal tan § curve for Xyloglucan, and D) isothermal tan & curve for PDL grafted xyloglucan.
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Figure 7.3 SEM picture of the morphology of 3wt% PDL functionalised xyloglucan.

7.3.1.2 Characterisation of short electrospun fibres

Poly-L-lactic acid (PLLA) nanofibres were produced via electrospinning and collected on a
rotating mandrel using protocols established within our laboratories. Briefly, we utilised
random PCL nanofibrous scaffolds to generate electrospun fibres that are uniform in diameter
and varied from 100-900nm (Figure 7.4). We have developed methods for producing short
fibres in bulk from electrospun membranes using ultrasonication. We have discovered that
polymer ductility has the biggest influence over the ability to generate short fibres and their
final morphology. We can break PLLA into short fibres of approximately 10 um in length

using an 80% sonication amplitude with a 4-6sec On-Off cycle for 10 min. However, due to
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PLLA having a ductility that is slightly too high. The fibres need to be more brittle prior to
sonication, with the degree of embitterment influencing the final length. This was achieved
using ethylenediamine treatment. The architectures of the electrospun nanofibres and their
ability to remain as individual, discrete short fibres upon injection was determined using
confocal microscopy to image fluorescently labelled short fibres (Figure 7.5). The short
fibres were injected into an agar gel of the similar elastic modulus as the brain (0.5-1 kPa)

[27].

Figure 7.4 SEM image of the morphology of electrospun scaffolds
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Figure 7.5 Fluorescent image of the morphology of short fibres of electrospun PLLA imbedded in

agar gel

7.3.1.3 Biofunctionalisation of short electrospun fibres

The short nanofibres were biofunctionalised by directly immobilizing trophic factors to their
surface. PLLA nanofibres lack the appropriate chemistry for standard coupling strategies and
will therefore be treated with either ED to introduce amine moieties. Bioconjugation was then
facilitated through incubation in succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-
carboxylate (SMCC) crosslinker. Here, as proof-of-principle, glial derived neurotrophic

factor (GDNF), a neurotrophin known to promote dopamine (DA) neuron survival and axonal
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growth, was immobilised onto the short fibres. Coupling efficiency was determined Enzyme-
linked immunosorbent assay (ELISA) using antibodies raised against the recombinant
proteins of interest (GDNF) (Figure 7.6). We have previously used these methods to validate

surface chemistry and the immobilization of protein respectively (Chapter 4 and 6) [8].
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Figure 7.6 GDNF ELISA confirms the attachment of GDNF onto PCL-ED scaffolds via sulfo-SMCC
crosslinker. The groups from left are (A) control PLLA; (B) an ELISA on a scaffold incubated in
soluble GDNF; (C) an ELISA on a scaffold incubated in soluble GDNF with vortexing applied during
the washing steps; (D) an ELISA of a scaffold with GDNF firmly attached to the surface of the fibres
using SMCC; (E) an ELISA of a scaffold with GDNF firmly attached to the surface of the fibres using
SMCC with vortexing applied during the washing steps. Data represents mean + SEM. *P < 0.05,
**P < 0.01, One way ANOVA with Tukey post-hoc test.
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Figure 7.6 shows vortexing has no influence on the amount of GDNF immobilised on the
scaffolds because GDNF is covalently attached via the corsslinker SMCC to the surface and
that there is minimal physical adsorption. These short, functionalised electrospun fibres were
then mixed in with the PDL functionalised xyloglucan hydrogel to present GDNF within the
3D hydrogel structure. Figure 7.7 is an SEM picture of the composite scaffold where the

presence of the short fibres within the xyloglucan hydrogel post gelation is clearly evident.

10pm JEOL  13/09/2012
5.0kVv SEI SEM WD 5.4mm 9:49:46

Figure 7.7 SEM picture of PLLA short fibres that have been mixed within the PDL functionalised
xyloglucan hydrogel prior to gelation.
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7.3.2 Invitro results

The experimental groups were control (glass coated with PDL), xyloglucan, xyloglucan with
short fibres, and xyloglucan with short fibres immobilized with GDNF. In the previous
chapter we have shown that primary cortical NSCs adopt in vivo like morphologies,
undertake differentiation and survival longer on electrospun scaffolds compared to traditional
2D cultures. We have implanted the modified materials with the brains of adult rats
demonstrating limited inflammation as well as an ability to encourage endogenous neurites to
infiltrate the scaffolds. Moreover, these materials have been further optimised in vitro
through the immobilisation of GDNF to positively influence NSC fate specification,
proliferation, survival and axonal outgrowth in the comparison with control. Ligand
immobilisation onto the surface of the electrospun scaffolds prevented endocytosis thereby
prolonging the period of stimulation compared to soluble factors. Therefore we have
demonstrated that these fibrous networks, through subsequent biochemical and
physiochemical modification, are able to effectively present appropriate stimuli for in vivo
repair. However, we recognise that the deployment of such scaffolds will be disease/injury
specific, as while the fibrous morphology can encourage cell migration, differentiation and
elongation their potential to encourage regeneration within lesions is debatable, as they
cannot readily interface with the surrounding parenchyma. As seen in the previous chapter,
the scaffolds must also be “rolled” and implanted within the host as they cannot be delivered
in a minimally invasive manner through injection with a micro capillary resulting in

increased tissue damage.

Therefore, in this chapter we have developed a method to circumvent these pitfalls while

maintaining the benefit of growth factor presentation to providing an environment that is
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more conducive to tissue re-organisation, as seen in Figure 7.7 above. We wanted to confirm
the biocompatibility of the new composite scaffold through assessing the viability of primary
ventral midbrain neural cells on the composite scaffolds in vitro for 3 days, prior to the
commencement of in vivo studies. Figure 7.8 shows the viability of the cells indicating that
there was statistically superior cell viability for the PDL xyloglucan scaffold, and the
xyloglucan with the inclusion of both unfunctionalised and functionalised short fibres
compared to the 2D PDL control (approximately a 2-fold increase in viability). This
demonstrates the ability of all the materials to support NSCs, as well as the biocompatibility
of the materials. Interestingly, there was a significant increase in cell viability for the
composite scaffold with iGDNF functionalised short fibres (49.7 + 1.4%) compared to the
xyloglucan material (40.3 + 1.9%) indicate the responsiveness of the cells to the immobilised
growth factor. This confirmed that the presentation of GDNF, known to promote the survival
of neural cells, resulted in a significant increase in cell viability when presented in the

composition scaffolds, support our previous data (chapter 6).
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Figure 7.8 Xyloglucan hydrogel scaffolds, including short fibres and short fibres that were tethered
GDNF, enhanced the cell viability compared to standard PDL controls after 3 days in vitro. (A) cell
viability of VM cells in (B) PDL, (C) xyloglucan-PDL, (D) xyloglucan-PDL with short fibres, and (E)
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xyloglucan-PDL with short fibres tethered with GDNF. Data represents mean + SEM. *P < 0.05, **P
<0.01, ***P < 0.001 One way ANOVA with Tukey post-hoc test.

Next, we demonstrated the ability of cultured ventral midbrain NSC/progenitors to
differentiate into neurons (TUJ+) and more appropriately for the treatment of Parkinson’s
disease, dopaminergic neurones (+TH). The differentiation ratios for neurones were similar
for cells cultured under all conditions, with TUJ+ neurons dominating the cultures
(approximately 80% of all cells, Figure 7.9). This was not surprising, as the donor age of the
cultures was 12.5 days, which was selected as it corresponded to a period of peak dopamine
neurogenesis. A comparison of the cultures demonstrated a significant decrease in TH+ cells
on the PDL functionalised xyloglucan scaffold with the inclusion of unfunctionalised short
fibres compared to the PDL functionalised xyloglucan scaffold (0.5% + 0.09 and 1.12% +
0.33, respectively). The reason for this is likely due to slight changes in the morphology and
potentially the modulus of the composite scaffold as a result of the short fibre addition.
However, there is approximately a 3 fold increase in the number of TH+ cells present on the
composite scaffold when GDNF was presented on the fibres (Figure 7.9 C, H-I). This is not
surprising as GDNF is a neurotrophic known to promote the survival of midbrain DA
neurones. Overall the result shows that the composite scaffolds maintained neuron population
around 80% and increased DA neurons when GDNF was presented to the cells in culture. It
indicates that the composite scaffolds sufficiently exposed tethered GDNF through short
fibres to NSCs in vivo, which still retains the bio-functionality and cause biological effects

after chemical conjugation.
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Figure 7.9 Differentiation of NSCs towards the neuronal (TUJ+) and dopaminergic (TH+) phenotype.
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total number of TH+ cells, (D) shows the percentage of TH+ cells, (E) shows the percentage of TH+/
THU+ cells in each groups. (F) represents TUJ+/ GFP cells in Xylo, and (G) xyloglucan-PDL with
short fibres tethered with GDNF. (H) represents TH+ cells in Xylo, and (I) xyloglucan-PDL with
short fibres tethered with GDNF. Data represents mean + SEM. *P < 0.05, **P < 0.01, One way
ANOVA with Tukey post-hoc test.

In addition to promoting survival of dopaminergic neurons, GDNF is also known to promote
the growth and guidance of DA axons [28]. We therefore looked at the effect of tethered
GDNF (on short fibres within a hydrogel) on the morphology of DA neurites in culture
(Figure 7.10). The presence of short fibres within the composite scaffold, or presentation of
GDNF, had no effect on neurite number or branching of DA neurons (Figure 7.10 A, B).
Examination of neurite length illustrated that the presence of SF within the xyloglucan
scaffold had no effect on either total neurite length (including axon and all dendrite lengths
collectively, Figure 7.10 C, F-F’) or axon length (dominant neurite extending from TH+
soma, Figure 7.10 D, F-F’). Not surprisingly, the presentation of GDNF significantly
increased total neurite length (Figure 7.10 C, G-G’), an effect that was specific to the DA
axon (Figure 7.10 D, G-G’). This result is well documented in the literature and demonstrates
our ability to form a composite nanofibrous/ hydrogel scaffolds to support primary VM cells,

their derivatives and neurite processes.
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fibres tethered with GDNF. Data represents mean + SEM. *P < 0.05, **P < 0.01, One way ANOVA
with Tukey post-hoc test.

Through our in vitro results we believe that our composite scaffold delivers the structural
benefit of nanofibres concomitantly with the superior properties of a hydrogel for the purpose
of implantation. This demonstrates the potential of these scaffolds to offer improve survival
of grafted cells and their integration into the host by providing physical and biochemical

support.

7.3.3 Invivo results

Experimental conditions for the in vivo studies included cells alone, cells in xyloglucan, cells
in xyloglucan with short fibres and cells in xyloglucan with short fibres mobilised with
GDNF. The composite scaffolds tested above were implantated into the brains of PD mice
together with NSCs. Tyrosine hydroxylase staining for dopamine neurons in the ventral
midbrain and dopamine fibers in the striatum confirmed successful 6OHDA lesioning (Figure

7.11).

Selective
A Neurotoxin
6-OHDA

Figure 7.11 (A) Schematic illustrating unilateral injection of the dopamine selective neurotoxin, 6-

hydroxydopamine (60HDA), into the ventral midbrain. Schematic courtesy of Bengt Mattsson (Lund
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University, Sweden). (B) Photomicrograph of the ventral midbrain illustrating DA neurons in the
intact hemisphere (shown by tyrosine hydroxylase staining, black) and ablation of the DA neurons in
the opposite hemisphere of the brain. (C) Ablation of midbrain DA neurons results in dennervation of
the dopamine fibers within the target tissue (the striatum). Note the TH+ fibers in the intact striatum

and absence of fibers in the lesioned hemisphere.

Whilst cell loss occurs within the VM in Parkinson’s disease, cell transplants are placed
ectopicallly into the target striaum, so as to restore dopamine transmission. In the present
study, we utilized the TH-GFP for donor tissue so that grafted dopamine cells and fibres
(GFP+) could be destinguished from host dopamine neurons and innervation (GFP-). We
confirmed viable grafts (Figure 7.12 A, the presence of GFP+ dopamine neurons) in the
striatum of all grafted animals after 10 weeks. Transplantation of cells together with
functionalized composite scaffolds (cells + xylo + SF_iGDNF) resulted in supporting GFP+
cells (502.9 + 124.1), similar to cells + composite scaffold without GDNF (cells + xylo + SF;
275.3 + 66.9), (Figure 7.12 A). This finding, whilst not statistically significant, suggests that
the GDNF bound to the short fibres may increase the survival of transplanted cells,
supporting our in vitro observation (as shown in figure 7.12 A). Further studies, including

larger groups of animals are required to fully elucidate these effects.

Next we investigated the ability of composite scaffolds (+ iGDNF) to promote the integration
of transplanted dopamine neurons (i.e. reinnervation) within the striatum (Figure 7.12 (B, C-
E)). The use of the GFP reporter cells as donor material again allow us to not only quantify
graft derived dopamine neurons, but additionally visualise and quantify the extensive
network of processing that form from these cells. This allows us to compare each of the
scaffolds to see if there is any advantage to presenting iGDNF on short fibres. Figure 7.12

(B) shows the density of GFP+ innervation on xyloglucan-PDL, xyloglucan-PDL with
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unfuctionalised short fibres and xyloglucan-PDL-short fibres-iGDNF. While no significant
difference was obsered, the transplantation of functionalized composite scaffolds (cells +
xylo + SF_iGDNF) resulted in an almost 2-fold increase in GFP+ cells compared to cells +
composite scaffold without GDNF (502.9 + 124.1 and 275.3 + 66.9; Figure 7.12 A). Further
studies, involving larger group sizes are required to validate these trends. This is a on-going

focus within the research team.
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Figure 7.12 Tethered GDNF promoted the survival and innervations of grafted TH-GFP+ cells in
trends; (A) shows the survival of grafted cells in each groups; (B) shows the density of innervation
resulting from grafts within (C) xyloglucan-PDL, (D) xyloglucan-PDL with short fibres, and (E-F)
xyloglucan-PDL with short fibres tethered with GDNF.

We also examined the inflammation caused during cell transplantation with these materials
(Figure 7.13). There was no statistical difference observed in the activation of reactive
astrocytes (area of GFAP+ staining) for any of the materials groups (Figure 7.13 A). While
introducing substances into the brain, a subsequent inflammatory response is also induced,
which can result in glial scarring and consequently inhibit the regeneration and infiltration of
neurons and axons to the injured sites. As shown in the previous chapter the introduction of
biomaterials modified with trophic factor in cell transplantation suppressed astrocyte
differentiation in vivo; moreover a recent study has demonstrated the influence of GDNF in
spinal cord axonal regeneration to the inhibition of reactive astrocytes [29]. Therefore we
believe that the ability to limit the associated astrocytosis contributed to the superior graft

survival observed, and may be crucial in reducing scar formation.

Finally we investigated the microglia activation, as it has been shown previously that
xyloglucan can reduce microglia activation compared to needle sham control [9]. This was
also true in this study but there was a significant increase in the number of activated
microglia when unfunctionalised short fibres were included within the xyloglucan hydrogel
(Figure 7.13 B, C-E). This indicated that the xyloglucan with unfunctionalised short fibres
are not as biocompatible xyloglucan alone. Interestingly, when tethered GDNF was presented
on the surface of the fibres the number or activated microglia subsided back down to the
same level as for the xyloglucan alone material (Figure 7.13 (B)). This demonstrates our
ability to incorporate biochemical and physical support into a composite scaffold to improve

current cell transplantation technologies.
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The composite scaffold formed within this study encompassed the benefits of nanofibers,
hydrogels and growth factor presentation to give the potential to be an advanced material for
stem cells survival, neurite length and axon development in vitro. These advanced materials
resulted in significantly increased cell viability, dopaminergic differentiation and
dopaminergic axonal growth (compared to cells cultured on PDL-coated glass, or unmodified
xyloglucan). In vivo results showed trends of modified scaffolds (incorporating GDNF) to
support cell transplants (improving number of grafted cells and innervation), but no statistical
significance between different materials were observed after 10 weeks. Whilst this may
reflect small group sizes and the necessity to repeat these studies on larger cohorts of animals
(and is a likely explanation as revealed by the large error bars observed in figure 7.12), it may
also reflect an inferior biocompatibility of xyloglucan. This composite scaffold incorporates
the unique structural benefit of nanofibres, but also the less invasive properties of a hydrogel

for the purpose of cell transplantation in the comparison with electrospun scaffolds.
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Figure 7.13 The inflammatory response caused by implanted scaffolds with grafted cells; (A) shows
the percentage area covered by GFAP+ cells for each of the materials, (B) shows the percentage area
covered by CD11b+ cells in (C) xyloglucan-PDL, (D) xyloglucan-PDL with short fibres, and (E)
xyloglucan-PDL with short fibres tethered with GDNF. (C-E) shows GFAP+ cells, (C’-E’) shows
CD11b+ cells, and (C”-E”) are merged images.
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7.4 CONCLUSION

The study examined the ability of composite scaffolds (including the benefits of nanofibers
and a hydrogel) to support dopaminergic neurons in vitro and following implantation into the
brain of Parkinsonian mice. Here we demonstrated that these scaffolds were biocompatible
and capable of supporting ventral midbrain NSCs/ progenitors and mature neurons in vitro
and in vivo. Additionally these scaffolds were utilized to present GDNF, thereby positively
impacting on the survival of cells as well and their plasticity in the comparison with the
absence of GDNF. Composite scaffolds including tethered GDNF show the increasing
tendency in graft size (more TH-GFP cells) and striatal reinnervation (area of striatum
covered by GFP+ staining). Consequently, these scaffolds could have positive impacts on 2
of the greatest stumbling blocks for cell transplantation — that is, promoting cell survival and,
promoting the integration of the transplanted cells into the host brain. These scaffolds had no
effect on the number of reactive astrocytes and moreover the presence of GDNF in the
composite scaffolds inhibited microglia compared to the absence of GDNF, i.e. the overall
the bio-functionality of the composite scaffolds was promoted by GDNF immobilisation on
short fibres and the physical properties united the benefits from bother xyloglucan hydrogel
and nanofibres. Collectively, these findings demonstrate that the use of composite scaffolds,
such as the one employed in the present study, could have a positive impact on the integration
of neural transplants for the treatment of Parkinson’s disease in the future. The results also
indicate some further studies are required to fully elucidate the benefits (and disadvantages)
of these biofunctionalized scaffolds in vitro and in vivo. Such studies may shed more light on
the biocompatibility of xyloglucan, quantity of tethered GDNF, incorporation of cells into
scaffolds prior implantation. Furthermore, whilst demonstrating proof-or-principle in an

animal model of PD in the present study, the knowledge gained here could additionally be
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exploited to promote the survival and integration of cell transplants in a number of other

neural injuries.
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8.1 GENERAL CONCLUSION

The main goal of this thesis was to establish the methodology of combining implantation of
bio-engineered scaffolds and transplantation of primary neural cells to promote repair of
injured CNS. Additionally the modification of scaffolds with neurotrophic factors was aimed
to improve the survival and integration of grafted primary neural cells in vivo to overcome
some of the current limitations hindering cell replacement therapies and their advancement to
the clinic. To maximise the capability of the bioengineered scaffolds to support cells,
different types of scaffolds were combined for implantation purpose in vivo. Overall, the PhD
thesis demonstrated a stable GDNF delivery system via electrospun scaffolds with profound
effects on the survival and integration of grafted cells in vitro and in vivo. The delivery
system was continuously modified to minimise the invasiveness of implantation methods by
combing a hydrogel and short electrospun scaffolds nanofibres, which was proved to support

grafted ventral midbrain cells in animals of PD, enhancing survival and integration.

8.1.1 Characterisation of the stability and biofunctionality of tethered

GDNF on electrospun scaffolds

In chapter 4, electrospun PCL scaffolds were successfully immobilise with GDNF via a
covalent conjugation (figure4.1; pagell6). The presentation of the protein on the scaffold
was confirmed at different time points after attachment (1, 3, 7 and 14 days), and tethered
GDNF on scaffolds was demonstrated to be stable without releasing and/or degrading over
time (figure4.1; pagel16). Tethered GDNF on scaffolds were shown to be biologically active,
by its ability to activate intracellular signalling (phosphorylate Erk) (figure4.2; pagell8) as

well as support the survival and differentiation of ventral midbrain cells for up to 7 days in
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culture (figure4.4;pagel120). Moreover the modified scaffolds directed cell differentiation into
dopamine cells and enhanced the population when compared to control (glass coated with
PDL) after 3 and 7 days in vitro (figure4.4; pagel20). In all, this chapter demonstrated the
ability to present stable and functional proteins (GDNF as way of example) long term in a

biological setting.

8.1.2 Electrospun scaffolds support primary cortical cell transplants

in the intact rat brain

In chapter 5, electrospun PCL scaffolds were firstly examined for their biocompatibility and
capability of supporting primary cortical cells in vitro (figure5.1, 5.2, 5.3; page132-133). The
results show the scaffolds supported cell survival and differentiation in culture (figure5.1, 5.2,
5.3; pagel32-133). Once this was confirmed, we next set out to develop an implantation
method combining both primary neural cells and the scaffolds. Pre-seeding cells onto the
scaffold was initially trialled; however cells remained poorly attached upon rolling of the
material for implantation (figure5.4; pagel34). Consequently, PCL scaffolds were rolled and
inserted into the brain and cells subsequently implantation either into the scaffold cavity or
adjacent to the scaffold. Cells expressing GFP were utilised to aid in the visualisation of graft
survival and integration. According to the histological examination, the scaffolds were able to
support graft survival and differentiation (figure 5.6, 5.7, 5.8, 5.9, 5.10; page 139-143).
Moreover the scaffolds were demonstrated to allow neurite infiltration from both graft and
host-derived cells (figure 5.5; page 138). Overall, assessment of the implantation methods
and graft morphology showed that cells grafted adjacent to the scaffold demonstrate superior

results and were therefore employed in subsequent studies.
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Chapter 6 built on the findings of the previous chapter, to now examine and compare the
improvement of graft survival and integration in the presence or absence of biofunctionalised
scaffolds. First, functionalised scaffolds were demonstrated to increase cell survival and
proliferation in vitro in the comparison with control (glass coated with PDL) and PCL
scaffolds (figure 6.2; page 173). Looking at the bio-functionality of modified scaffolds in
vivo, tethered GDNF promoted survival of grafted primary neural cells into the host tissue
after 28 days in the brain of rats when compared to cell transplantation alone (figure6.3 A,
pagel76). Additionally the electrospun scaffolds were fabricated with micron size which
increases the porosity and allows cell infiltrating inside the implanted scaffolds in vivo
(figure6.3 E; pagel76). As a result, both graft- and host-derived cells significantly infiltrated
inside the modified scaffolds compared to unmodified materials in vivo (figure6.3 E;
pagel76), suggesting the morphology and the bio-functionality of the modified scaffolds
increase the likelihood of cell repopulating and replacing the scaffolds over a period of time
after implantation. Similar to in vitro findings, tethered GDNF also encourage proliferation of
grafted primary cortical cells relatively to cell transplantation alone (figure6.4 A; pagel79),
suggesting improved repair. Furthermore the presence of modified scaffolds suppressed the
number of reactive astrocyte around the graft site compared to grafts of cells alone (figure6.4
D; pagel79); suggesting reduced inflammation. Collectively these results demonstrate a
number of benefits of bioengineered scaffolds for supporting the integration of primary
neural cell-based grafts into the intact brain (figure6.3 E; pagel76), (figure6.5 E; pagel82);
findings that could having important implications for enhancing neural repair in the

comparison with cell transplantation alone.
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8.1.3 Composite scaffolds, incorporating hydrogel and functionalised
short fibres, promote the integration of neural transplant

In parkinsonian mice

A conceivable scaffold for promoting neural repair in the brain needs to not only support the
graft (as demonstrated in chapters 5 and 6) but be easily implantable, so as to minimise
damage to the host tissue. Composite scaffolds were therefore developed that could be
injected (by way of hydrogel) but still provide the 3 dimensional structural benefits of
electrospun scaffolds (by embedding electrospun short fibres within the hydrogel). These
composite scaffolds enhanced the survival of VM cells and increased proportion of dopamine
cells in vitro relatively to control and xyloglucan with/ without short fibres (figure7.8 A,
page212). Moreover the composite scaffolds significantly increased the total neurite length
when compared to xyloglucan with/ without short fibres (figure7.10 C; page216). Upon
injection into the brains of Parkinsonian mice, these composite scaffolds were capable of
supporting cell survival (figure7.8 A; page212), and suppressed immunological responses
(figure7.13 B; page222). According to the insignificant differences between different
scaffolds in the animal study, there are improvements could be considered in the future;
including a replacement to other hydrogels, an increase in quantity of tethered GDNF, an

incorporation of cells into hydrogel prior implantation and an increase in animal group size.
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8.2 FUTURE WORK

This thesis answers a number of questions regarding the potential of biofunctionalised
scaffolds to support primary neural cells and promote their integration into the injured brain.
It does however also open up a number of new questions that remain to be address, that will
ensure continual advancement of the field and the likelihood of biofunctionalised scaffolds
being implemented in the future for the treatment of neural injuries. The following section

highlights some of the outstanding concerns.

8.2.1 Application and modification of scaffolds

8.2.1.1 Alternative scaffold materials

This thesis focuses on the potential of electrospun PCL and PLLA nanofibrous scaffolds and
short fibres as well as xyloglucan hydrogels to support cells in vitro and in vivo. The field of
tissue engineering however is rapidly developing and continues to identify new and improved
materials from which to synthesise scaffolds. As such, self-assembling peptide scaffolds
(SAPS) are one of the latest developments in bio-engineered scaffolds for tissue engineering.
These scaffolds are attractive as they are based on the self assembling of a natural biological
building block (amino acids) making them biocompatible and they offer the greatest
functionality and cell signalling capacity, with rapid and easy synthesis into more complex
structures. Peptide-based scaffolds form hydrogels by various weak non-covalent interactions
in water. These interactions lead to the formation of organised supramolecular assemblies
that can give rise to structures such as nanofibres and nanotubes. The nanoscale fibrillar

structure and subsequent hydrogels produced by the controlled self-assembly of peptides are
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therefore excellent candidates to provide some aspects of the in vivo cellular
microenvironment necessary to support cells, and restore tissue. SAP scaffolds can also be
designed to present specific protein epitopes that provide more effective graft support than
presentation of the protein itself. SAPS can be designed to present epitopes for key proteins
that control cell adhesion within the extracellular matrix, including fibronectin, laminin,
collagen and chrondrotin sulphate. Thus, scaffolds that are capable of presenting cell-binding
epitopes of proteins, including RGD, IKVAV and YIGSR, are of interest. It has been
demonstrated that the laminin-derived IKVAV epitope promotes neuronal differentiation of
neural progenitor cells more efficiently than laminin itself. This effect was presumed to be
due to the high density of signals presented on the fibre surface (1000-fold greater than the
ordered array of native laminin), as well as superior signal dynamics and spatial orientation.
The ability of these SAPS, as well as other newly developed scaffolds, to support neural cells
in vitro remain to be determined, as well as their capacity to support cell transplants

following neural injury.

8.2.1.2 Scaffolds morphology

Scaffolds with a sphere structure in nano-size can be applied to encapsulate cells for targeting
areas in vivo and fill the lost neural tissue/ neural pathway, and it can specifically control the
number of cells carried by each sphere scaffold in vivo. Moreover the round shaped scaffolds
can be easily implanted by injection reducing the disruption to the host tissue. Polymer
solution pre-mixed with cell suspension can be electrospun to produce scaffolds
encapsulating cells in round shapes. Additionally once cells are encapsulated inside scaffolds,
it is isolated from the outside environment and protected by the scaffolds. The scaffolds can

then be coated with different layers by immersing in solutions to enhance the bio-
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functionality or modify the mechanical properties for specific applications without decreasing

cell viability.

8.2.1.3 Additional protein tethering to deliver multiple factors

As proof of principle this thesis focuses on the tethering of one protein, GDNF, onto
electrospun fibres. Whilst our laboratory has also previously demonstrated the ability to
tether BDNF, and shown its functional benefit, further studies are required to determine
whether other proteins can be similarly tethered onto nanofibres using this covalent
attachment approach. It is probable and likely that attachment of some proteins will interfere
with the active site of the protein and prevent cellular interaction. As such, studies similar to
those performed in chapter 4 will be required for each protein of interest to ascertain its

stability and functionality.

To restore the injured CNS involves complicated biological stimulations from different
proteins, therefore a bio-engineered scaffold that can deliver multiple proteins either with
gradual release or long lasting effects may accelerate neural repair. A combination of
different proteins that promote survival (e.g. neurotrophins GDNF, BDNF, NGF)
proliferation (e.g. mitogens including EGF and FGF2), differentiation and axonal growth
(e.g. morphogens including Shh and Wnts) that can be tethered to scaffolds via physical
adsorptions or chemical conjugations could satisfy different needs for specific applications in
neural tissue engineering. As such a composite scaffold could provide multiple cues to

enhance repair.
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8.2.2 Cell transplantation from a different perspective

for Parkinson’s disease

In the context of PD, cell transplants are typically performed ectopically into the target tissue
(the striatum) as a way to restore dopamine transmission, however these grafts fail to restore
normal neural circuitry. Grafts into the site of cell loss (homotypic grafts) are rarely
performed as the grafts survive poorly and show limited restoration of the pathway. It is
believed that is largely due to the non-conducive host environment — providing inadequate
chemical and physical support. It therefore remains to be determined whether bioengineered
scaffolds may improve these grafts and restoration of neural circuits. Could cells be
implanted into the site of cell loss (the ventral midbrain) together with a scaffold that promote
survival? And added to this, could a scaffold be delivered along the pathway to promote
axonal growth and guidance to the striatal target? It may be necessary to incorporate a
gradient of growth factors to promote this desired trajectory. Figure 8.1 shows a possible
application of scaffolds that may work towards supporting homotopic grafts and restoring

neural circuitry.
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Figure 8.1 (A) Example of electrospun short fibres within a hydrogel. We are able to generate

gradients of short fibres that will enable the generation of protein gradients through covalent tethering
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onto these fibres. (B) Delivery of the gradient composite scaffold along the denervated pathway in a

Parkinson’s disease.

8.2.3 Application of bio-engineered scaffolds in other neural injuries

This thesis (chapter 7) focused on the ability of bioengineered scaffolds to support neural
transplants in an animal model of Parkinson’s disease. To date, PD represents the neural
injury that has made the most progress in regards to cell replacement therapy. As such,
clinical trials have demonstrated the ability of newly transplanted fetally derived dopamine
neurons to structurally and functionally integrate into the patient brain, alleviating symptoms
for up to 15 years. Variability across patients has highlighted the need for further work in the
field. No other neural injury to date has shown this much progress and it therefore seems the

most obvious place to start when trying to improve neural cell therapy approaches.

However it should not be disregarded that other neural injuries should also be examined in
parallel. With other injuries come additional challenges that need to be addresses. Unlike PD,
some neural injuries, such as traumatic brain injury (TBI) and stroke, result in tissue necrosis
and the loss of tissue mass. Neural injuries with tissue loss require the development of
scaffolds to restore tissue architecture, as well as provide a stimulating environment for the
integration of the grafted cells. It is probable and likely that this will involve the use of
composite scaffolds such as described in chapter 7. Future work is required to see the

implementation of such materials in various other neural injuries.
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Scission of electrospun polymer fibres by ultrasonication
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Abstract. In this work we show that sonication alone can be used to scission bulk electrospun
membranes into short fibres. The mechanism of such scission events is bubble cavitation
stimulated by the ultrasonic probe, followed by bubble implosion. The tendency of polymer
nanofibres to undergo failure by a scission process appears to depend primarily on the
ductility of the polymer, with brittle, electrospun polymer membranes such as poly(styrene)
and poly(methyl methacrylate) readily producing short fibres of approximately 10 um. More
ductile polymers such as poly (L-lactide) or poly (acrylonitrile) require additional processing
after electrospinning and before sonication, to make them conducive to such sonication-based
scission. Both the initial diameter of the fibres and the degree of nanofibre alignment of the
electrospun membrane influence the final length of the resultant short fibres. It was found
that the chemical and physical properties of the short nanofibres unaltered by the sonication
process. We thus are able to demonstrate that sonication is a promising method to produce
significant quantities of short, fibres of nanometre diameter and microns in length.

1 Introduction

Electrospinning has become a oft-reported technique for the fabrication of polymeric fibrous
membranes that have been used for a variety of applications including membrane
technologies, sensors and in particular for tissue engineering as scaffolds that mimic features
of the extracellular matrix [1-6]. Electrospinning generally results in the production of a
continuous fibre that deposit onto a collector as a honwoven membrane. It is inherently
difficult to spin and retrieve individual electrospun fibres in large quantities that can be
readily handled. Parallel, knife-edge electrodes is a possible methods that have been used to
obtain individually-aligned fibres for the purpose of single fibre testing, however very limited
amounts of fibre can be produced [7, 8].

To date, there has been little work reported on producing individual, short nanometre-
length fibres directly from conventionally electrospun membranes. The ability to convert an
electrospun membrane into discrete, short nanofibres would be advantageous, as it would
lead to a methodology to produce significant quantities of such short fibres. Such short fibres
may be desirable for a number of applications, such as additives for incorporation into
polymers and films to increase properties such as modulus and toughness, whilst maintaining
the transparency of the nanocomposite due to the similarity of the refractive index of the
nanofibres and the matrix. Short fibres would also be very useful for biomedical applications,
as vessels for the containment of drugs or in tissue engineering as injectable fibrous scaffolds.
In this work, we report the use of ultrasonication as a method to produce short fibres from a
nonwoven, electrospun membrane, whilst also investigating the effects of materials properties
and processing parameters on the process and its outcome.

" Corresponding author. I
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There have been a few reports of non-ultrasonic methods to breakdown the non-woven
electrospun membrane for composite reinforcement that have shown varying degrees of
success. A simple method which is difficult to control is mortar grinding [9, 10] which was
found most effective for brittle electrospun membranes, such as carbonised polyacrylonitrile
[9]. Rubber milling [11] and cryogenic milling [12] have been shown to be better options for
the scission of electrospun membranes, where the cycle and rate of the impactor can be
accurately controlled. However, it is difficult to make comparisons between each of the
techniques, as the characteristics of the resultant short fibres were not always well reported.
Other mechanical methods such as razor blade cutting under nitrogen [13] have been used to
produce short magnetic composite fibres from a mixture of a methyl methacrylate-vinyl
acetate copolymer combined with superparamagnetic cobalt nanoparticles, yielding fibres of
approximately 50 to 100 um length. Another method to produce discrete fibres from the
electrospun membrane has involved 1 um step-sliced cryomicrotoming to produce short
nylon electrospun fibres, however this involved tedious, repeated steps [14]. Polymer
degradation using UV light was used to produce reduced poly(butadiene) electrospun fibre
mats where the UV light was shined through masks with well defined slit sizes and inter-slit
distances, laid on top of the mesh [15], but although this cut the fibres, the aim was to
produce smaller, controlled fibre bundles, as opposed to the individual fibres we seek here.

In this work we demonstrate that we can use ultrasonication directly, under appropriate
conditions, to produce short nanofibres from electrospun membranes. For this we use an
ultrasonic probe, an apparatus that is already widely used in most laboratories for applications
such as cleaning and mixing, and has a working frequency of 20 kHz, [16]. During
sonication, bubbles in the fluid medium grow and collapse, and in so doing, release energy.
These bubbles start with a diameter of some 1 um and grow to ca. 50 um under negative
pressure [17]. Under such sonication conditions, the bubble grows in some 20 microseconds,
and can collapse over a time of the order of nanoseconds [18]. This method has previously
been utilised to facilitate the dispersion of carbon nanotubes in a solvent or mixture [19] and
has also been shown that it can lead to carbon nanotube scission [20].

Most researchers currently use sonication for the mixing of CNTs in solution, and size
reduction is often of secondary interest. The basic mechanism for the scission of carbon
nanotubes has not been fully elucidated, although a number of papers have made a series of
instructive observations. Recently Hennrich et al. [19] investigated the decrease in length of
CNTs and the underlying mechanism during ultrasonic processing, making clear that the
break-up was due to an associated cavitation phenomenon (bubble growth and collapse)
within the solvent, which leads to local regions of high strain and shear stress. These include
the separation, thinning and shortening of the CNTs due to the mechanical effect of
sonication which occurs upon bubble implosion, yielding a maximum tensional force at the
nanotube center which is similar to the observation of single molecule polymer degradation
due to scission [19, 21, 22]. The mechanism of scission largely depends on the position of the
nanotubes relative to the bubble during bubble implosion and how it approaches (or is drawn
towards) the imploding bubble. If the long axis of the nanotube aligns normal to the bubble
surface, this would lead to a high frictional force between the fibre and solvent, which causes
a high tensile force at the nanotube center [19, 22]. However, nanotubes that become aligned
tangential to the bubble surface would result in axial compression that results in buckling and
fracture of the nanotube due to atom ejection [23, 24].

Recent modelling work by Pagani et al [24] suggests that the mode which dominates
(tangential or radial) depends on the size of the nanotube. Whilst the growth of the bubble
causes tangential alignment of the nanotubes, shorter nanotubes rotate radially and are drawn
towards the nanotube, with subsequent tensile stretching and failure, whilst longer nanotubes
do not rotate in such a fashion, but rather the opposing torques at either end cause bending
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and buckling (which may also lead to failure and/or scissioning). The mode of deformation
notwithstanding, the ultimate molecular failure mechanisms invoked were also often related
to the precise chemical structure of the materials, such as defects in carbon nanotubes or the
carbon-framework (in the case of carbon nanotubes), and may not be as relevant for polymer
nanofibre scissioning. Other researchers propose alternate mechanisms to explain nanotube
scission, such as bubble implosion leading to high temperatures that can cause failure on the
nanotube surface [25], although others refute such claims and state that such extreme thermal
events are unlikely to occur [21, 23]. It has also be proposed that bubble collapse would lead
to microjets that impinge on the surface leading to their ultimate failure [26-28], and indeed,
this is the mechanism by which ultrasonics is used to clean surfaces contaminated by
organics, such as soiled silicon wafers. It is likely, therefore, that any scissioning of polymer
nanofibres that occurs is some combination of factors may be at play, depending on material
and the processing conditions. The possible mechanisms for failure in these systems will be
discussed below, based on the observations made and results obtained.

To date, there has been little study on the use of sonication as a method to produce small
fibres from electrospun membrane. Transverse fragmentation of fibres by first chemically-
modifying poly(lactide) nanofibres by aminolysis [29, 30], in combination with some
sonication has been reported, however in this case, the cutting of fibres was largely due to the
chemical treatment, and the sonication was used more to disperse the resultant, chemically-
cut fibres, rather than being the primary mechanism for fibre scission. One recent study has
reported in passing, the direct use of ultrasonication as a means of producing short fibres
from electrospun membranes. The short fibres produced were subsequently incorporated into
a hydrogel for a tissue engineering applications [31] to improve interactions between the
hydrogel and the cells. However, in this work sonication was used as a means to an end to
produce short nanofibres, with investigation of the control of scission events and a
mechanistic understanding being outside the scope of that research.

In this work we have investigated the effect of the application of ultrasonication on
electrospun membranes, varying material properties and processing variables, in order to gain
a more detailed understanding of how to optimise the resultant short nanofibres and obtain a
mechanistic understanding of the process itself. As a point of comparison with previous
methods of producing short nanofibres from electrospun membranes, we have also conducted
cryogenic milling of electrospun membranes.

2 Experimental method

2.1 Materials.

Poly(L-lactide) Acid (PLLA, Inherent viscosity = 0.9-1.2 dL/g) was purchased from Lactel,
USA. Polyacrylonitrile(PAN, M,= 120,000), poly(methyl methacrylates) (PMMA, M=
486,000) and poly(styrene) (PS, M,=230 000), dodecyl trimethyl ammonium bromide
(DTAB), potassium bromide (KBr) and Rhodamine B were purchased from Sigma Aldrich,
Australia. Chloroform, dimethylformamide (DMF) and acetone from Merck Pty Ltd,
Australia. Deionised water was obtained from Direct-Q3 water purification system,
Millipore.

2.2 Electrospinning.

The polymer-solvent mixture was dissolve using magnetic stirrer at room temperature
overnight (except for PLLA where it was heated at 70 °C for two hours) prior use. Then, the
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polymer solution was placed in a 10 mL syringe prior to electrospinning using the parameters
listed in table 1 for each material. These parameters were determined through several
optimisation steps to produce fibres that had diameters within the submicron range.
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Table 1 Summary of final electrospinning conditions for various polymers.

Material Solvent Concentration Feed Voltage  Needlesize  Working Surface
(%) (wW/v) rate (+kV) (G) Distance Velocity
(ml/hr) (cm) (m/s)
PLLA Chloroform + acetone (3:1) 13.7 1.6 20 18 16 N/A
(with 1 mM DTAB)
PMMA DMF (1 mM DTAB) 6.5 1.6 20 18 16 N/A
PAN DMF 10 1.6 20 18 8 N/A
PS Chloroform + DMF 12 1.6 20 18 8 N/A
(ImM DTAB)
PS Chloroform + DMF 8 1.6 15 18 6 6.3
(1 mM DTAB)
PS Chloroform + DMF 12 1.6 20 18 6 6.3
(1 mM DTAB)
PS Chloroform + DMF (1 mM DTAB) 16 1.6 20 18 6 6.3
PS 1 mM Rhodamine B in 12 1.6 20 18 6 6.3

( fluorescence) Chloroform + DMF(1 mM DTAB)
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To allow comparison between PLLA, PAN, PS and PMMA, all polymers were spun onto a
flat collector (aluminium foil), and were stored in a desiccator under vacuum prior to use.

To explore the scission events in more detail, we primarily focused the latter work
reported here on electrospun PS, which was also spun onto a rapidly rotating drum, with the
surface velocity of 6.3 m/s to produce aligned electrospun membranes. For confocal
microscopy fluorescently-labelled PS was prepared by mixing Rhodamine B with the
Chloroform:DMF solvent (tablel) to a 1 mM concentration. The fluorescent nanofibres were
injected into an agar gel so that they could be imaged as discrete, dispersed fibres.

2.3 Ultrasonication.

The electrospun membranes were peeled off the collection plate, and a 1 cm? area with the
thickness of ca 100-200 um taken from the center of the collector was cut with a sharp knife,
before being placing in a glass vial (25 mm in diameter) containing 15 ml of MiliQ water.
Sonication was carried out using a Vibracell 750W (Sonics & Materials, Inc, USA) sonicator
probe with a probe diameter of 13 mm, working at 20 kHz. An amplitude of 80% with a 2 s
ON and 2 s OFF (2/2) lapsed time was used, with the total run time (ON time) being varied
from 1 to 8 mins. The water used for this study was at ambient condition, except for the
study on nucleation effect where MiliQ water was degassed in the vacuum oven for 12 hrs
prior use. In general, ultrasonication was conducted in a beaker cooled by a water-ice slurry
to maintain the processing temperatures below 30 °C, since ongoing sonication raises the
solution temperature. Other less extreme methods of cooling (such as packing the sonication
vessel in ice) were also undertaken in one section of the work, to allow higher temperatures
of the sonication medium to be obtained and thus allow temperature to be used as a variable
(temperatures up to 90°C could be reached by this method).

After sonication was completed, a drop of the short fibres in suspension was placed on a
scanning electron microscope (SEM) stub, which was covered with double-sided carbon tape
to encourage adhesion to the stub. The sample was then dried overnight in the fumehood,
prior to imaging using SEM.

2.4 UV irradiation of scaffolds.

In part of the work, and in particular for the PLLA scaffolds which were hard to scission
directly by sonication, we also investigated the effect of surface modification of the PLLA
samples by first exposing them to a combination ultraviolet-ozone environment. The PLLA
membrane was irradiated by UV Ozone Procleaner™ UV PC 220 (Bioforce, USA) for 12
mins with the intensity of 14.75 mW/cm? at a distance of approximately 1 cm, and was then
sonicated.

2.5 Cryogenic milling.

Electrospun membranes with a mass of 1 g were placed into a polycarbonate vial and inserted
in a Spex Freezer Mill 6870, which operates at cryogenic temperatures within a liquid
nitrogen bath. The cryogenic mill, which pulverises the samples with a stainless steel
magnetised impacting bullet, was set at a pre-cool time of 3 min prior to grinding of 10
minutes (5 cycles with 2 minutes run time and 2 minutes recooling), with the magnetic field
oscillation rate being 5 cycles per seconds (cps).

2.6 Characterisation.

The morphology of the as-spun fibres and short fibres were characterised using either a
Scanning Electron Microscope, (JEOL840A SEM) or Field Emission SEM, (JEOL 7001FEG
SEM,). Prior to imaging, the sample was dried overnight in the fumehood and platinum
coated at 1nm thickness with a sputter coater (Cressington 208HR, UK). The sonicated short
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fibres were also characterised using the Transmission Electron Microscopy (Philips
CM20TEM) where samples were placed on the copper hexagonal grid for viewing. Optical
microscopy imaging of the individual short fibres injected and dispersed in a gel was carried
out using confocal imaging by Olympus FV1000 (Olympus, Tokyo Japan), with 575 nm
emission wavelength and objective lenses of 20x and 40x. The confocal sample was prepared
by mixing agar powder with MiliQ water at 3 wt% prior to heating at 80°C. The gel was then
placed on to the glass slide prior to being injected with a suspension of fluorescently-labelled
with Rhodamine B, Sigma Aldrich short fibres. The images were analysed by Image J
software (National Institute of Health, USA) to estimate the diameter and length of the short
fibres (n = 50).

A comparison between the concentration of short fibres for different types of polymers
was estimated using a turbidity meter (Cyberscan TB1000, Eutech Ins, Singapore), where the
various sonicated samples were placed, to determine the minimum time required for
successful sonication. Any larger clusters of electrospun membrane that remained after
sonication were removed using tweezers prior to the turbidity measurement, so that the
turbidity results largely reflected the concentration of the short fibres produced in suspension
for a given scissioning event.

In order to better understand the surface and physical properties of the nanofibres, the
samples were also characterised in transmission mode by Fourier Transform Infrared
spectroscopy (FTIR) using a Thermo Scientific Nicolet 6700 with scanning range of 4500 to
400 cm™ and 4 cm™ resolution. The samples were pre-mixed with potassium bromide (KBr)
powder at 3 wt% and compressed into a disc.

Mechanical testing was conducted using an Instron 5848 microtester (USA) with 10 N
load and displacement rate of 5 mm/min. The electrospun membrane with the thickness of
approximately 0.3 mm was cut using dogbone shape cutter with the gauge length of 20 mm.
The ultimate tensile strength (ours), Young’s Modulus (E) and % strain to failure (ductility)
were determined from five independent samples for each type of polymer.

The glass transition temperature (Tg) was estimated from endothermic curve obtained from
Differential Scanning Calorimetry (Pyris DSC, Perkin-Elmer), using temperature scanning
from 30°C to 300°C at the rate of 10°C/min modes under N,. Approximately 5mg of sample
was sealed in aluminium pans for these measurements.

2.7 Statistics

PS short fibre length comparison between aligned and random fibres was made using the
independent t-test, whilst the difference between short fibre length with time were analysed
using one way repeated measures, analysis of variance (ANOVA). Statistical analysis for
comparison between sonication of PS membranes with differing mean fibre diameters and the
effect of bubble nucleation were carried out by one way between groups ANOVA with Tukey
post test. All statistical analyses were performed using SPSS 19 for Windows (SPSS,
Chicago, IL); p-values of less than 0.05 were considered to be significantly different.

3 Result and discussion

3.1 Ultrasonication of different types of electrospun polymers

Four different types of polymers were electrospun; poly (styrene) (PS), poly (methyl
methacrylates) (PMMA), poly (L-lactide) (PLLA) and poly (acrylonitrile) (PAN) using the
conditions shown in the first four rows of table 1. These conditions were determined by
changing processing parameters until good quality fibres could be produced (that is, fibres
without artefacts such as beading, for example) and their diameters ranged between 550 to
775nm. The 1 cm?areas cut from the membranes were then sonicated in MilliQ water. Figure
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1 shows the electrospun fibres before and after sonication for what we define in this work as
the “minimum sonication time” (last row of table 2) except for PAN and PLLA, where the
fibre membrane remained unbroken. We define this minimum sonication time as the first
time that the membrane was visually observed to fragment completely. This was ca. 40s for
PMMA and 60 s for PS, whilst no such minimum sonication time observed for PAN and
PLLA - even after 35 mins of sonication.
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Figure 1 SEM images of the fibres before sonication (left) and after minimum sonication run time
(right) at the point at which fibre membranes were visually observed to have completely fragmented
(for PS and PMMA, at 60 s and 40 s, respectively), whilst for PAN and PLLA the SEM images were
taken of the fibre after sonication run time of 35 mins, by which time they had still not fragmented.
a,b) PLLA at 13.7 wt% with the average diameter of 770 + 240 nm, c,d) PS at 12 wt%, average
diameter = 775 + 160nm, e,f) PMMA at 6.5 wt% , average diameter =550 + 160 nm and g,h) PAN at
10 wt% , average diameter =640 + 165 nm.
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Figure 1 shows that within 40 s for PMMA and 60 s for PS they have been successfully
scissioned into smaller lengths of 10.3 £ 5.6 um and 10.5 £ 6.2 um, respectively, whilst for
PAN and PLLA the electrospun membrane remain intact for the entire process (i.e. 35 min,
after which sonication was ceased). In the case of PS and PMMA samples, the supernatant
turned whitish in colour after the minimum sonication time, highlighting the fact that short
fibres were homogenously distributed in the supernatant. However, for PAN and PLLA, the
membrane appeared to have been elongated due to the sonication, with a loosening of the
dense, as-spun fibre mesh. It is clear that different sonication times are required for the
scission of electrospun scaffolds of different materials, and in two cases even prolonged
inputs of energy were not able to cause scission. It can also be seen that the sonication
process does lead to some slight change in the fibre morphology where the fibres become
curled. It appears that although the ultrasonication forces have not been sufficient to cause
significant scission, they have caused bending and buckling of the fibres due to a range of
stresses on the fibres surface [32].

For all samples, an attempt was made to quantify the degree of electrospun fibre scission
using a turbidity measurement, where the results reflect the concentration of particles (in our
case, short fibres) in the solution (figure 2). For this experiment, membranes of the same
dimensions and thickness were used to ensure that there was approximately the same
concentration of short fibres in the supernatant if all the fibres had been completely
scissioned. Large, unbroken portions of the electrospun membrane were removed using
tweezers prior to measurement and thus the turbidity measurement is an indication of the
concentration of the short fibres that have been produced at that point in time. The
measurement was performed for sonication times ranging from 10 s to 90 s for all types of
fibres, although this was extended to 35 mins for the PAN and PLLA samples due to reduced
visual success in scissioning.
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Figure 2 Turbidity measurement for PS (0), PMMA (o), PAN (A) and PLLA (*) after ultrasonication
processing. The arrow bar indicates the minimum sonication time indicating fully break-up (for PS
and PMMA).

Figure 2 shows that as the sonication time increased, the same trend was observed for the

concentration of short fibres in solution. Note that for the PMMA, a small fibre clump was
present up to the 20 s sonication time point (removed prior to turbidity measurement). It was
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completely fragmented after 40 s of sonication (when NTU was ca 250 units), whilst for PS
complete fragmentation occurs after 60 seconds, by which time it also reached NTU of ca
250. From these observations, we can conclude that when the turbidity measurement reaches
the ca. 250 NTU range, all PS and PMMA fibres had been broken up into short fibres,
correlating to a minimum sonication time of 40 to 60 s (figure 2), similar to the minimum
sonication time mentioned earlier. From visual inspection, short fibres begin to become
present in supertant (as the supernatant color has turned slightly whitish) when the turbidity
was greater than 50 NTU. This indicates that in the case of PAN, some limited scission
commences after 40 sec of sonication, with the concentration of fibres gradually increasing
for the full duration of the experiment. In contrast, the PLLA membranes essentially remain
intact for the first 20 mins of sonication, with a limited amount of short fibres increasing at a
slow, linear rate after 35 mins. This result indicates that the inherent polymer properties
influence the scission events, suggesting the need for some pretreatment of those polymers
we may wish to cut which intrinsically resisted such scissioning.

There are many factors that are likely to contribute to the difference in the sonication
times required to reduce the membrane to discrete fibre lengths such as the electrospun fibre
morphology (fibre diameter and alignment), as well as the mechanical properties of the
electrospun polymers. Since all the electrospun fibres were of broadly similar diameter and
randomly aligned, and given that the same ultrasonication experimental parameters were used
for all materials (80 % amplitude and 2/2 lapsed time), it can be concluded that any
differences in results from sonication are largely due to material properties of the initial
electrospun membrane. In the case of the PMMA and PS nanofibres that did scission, we note
that PMMA was slightly thinner, and it also appeared to sonicate slightly more rapidly.

In order to make further comparison, we examine the mechanical properties of the
membranes that we obtained by tensile testing (figure 3), with the key mechanical properties
from these curves shown in table 2, in order to elucidate which of these is most relevant to
the results of sonication.

Table 2 Mechanical and size properties of electrospun PS, PMMA, PAN and PLLA
membranes

Materials PS PMMA PAN PLLA

Tensile strength 06+0.2 1.6 +0.4 2501 16+0.2

(MPa)

Tensile modulus (MPa) 8.0+0.8 0401 122+7.7 111+26

Ductility (%) 16.8+1.9 1.9+0.8 86.3+22.1 79.2£17.9
100 120 100 55

Glass transition
tenperature (T, °C)

Electrospun fibre 775+ 160 550 + 160 635 + 165 771£240
diameter (nm)

Minimum sonication 60 40 N/A N/A
time (secs)

Final short fibre length 105+ 6.2 10.3+£5.6 N/A N/A
(1m)
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Figure 3 Stress-strain curves of the electrospun fibre membranes

What can be seen clearly from figure 3 and the data in table 2, is that whilst the modulus and
strength appear of all membranes appears to be broadly similar, the PAN and PLLA
membranes can be seen to be much more ductile than those of PS and PMMA. It should be
noted that whilst the determination of modulus and strength of electrospun webs is relatively
straightforward from an experimental perspective, the nature of how the fibres are folded and
stacked within the tensile sample would influence their values. In contrast, in the case of
measurement of ductility, the fibres are likely to be more elongated, and thus the ductility for
the membrane is more likely to be related to that of the individual fibres. When considering
the process of membrane breakup by sonication, there will likely be aspects of both stretching
the web initially and/or deformation of the individual fibres. It can be seen from table 2 that
for the nanofibres, membrane ductility shows the greatest correlation with the minimum
sonication time (ease of fibre scission), with the more ductile PLLA and PAN not showing
significant scission even for the longer sonication times. PMMA appears visually (and via
turbidity measurements) more readily scissioned by sonication than PS and is also the less
ductile. It should be noted that PAN fibres have the smallest fibre diameter and yet remain
unbroken after a comparably long sonication time, and thus it appears that simple variations
in diameter do not explain the different behaviours observed. In conclusion, materials that are
sufficiently ductile and tough are able to resist the deformations imposed by the sonication
process. We also note that although neither PAN nor PLLA were able to scission to any
significant extent, PAN appeared to be able to produce some small fibres to a greater degree,
as indicated by its turbidity curves. The ductility of PAN and PLLA are (within error) the
same, and the PAN fibre has a slightly lower diameter, and could be a reason for its improved
propensity to scission.

In order to further understand the mechanism of failure, high magnification SEM images
of the electrospun fibres before and after sonication were examined (figure 4).
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Figure 4 SEM images of the fibres before sonication, t = 0 and after sonication run time with the
respective sonication run time shown a) presonicated PLLA , b) PLLA att = 60 s, c) presonicated PS,
d) PS at t=60s, e) presonicated PMMA f) PMMA at t = 40s, g) presonicated PAN, h) PAN at t = 60s,
i) PLLA at t= 35mins and j) PAN at t = 35 mins.
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The SEM images of the fibre surface before sonication shows some surface roughness. This
degree of roughness is common on the surface of electrospun fibres, although it is little
discussed due to the few images in the literature taken at such high magnifications. It has
been reported that such roughness in electrospun fibres arises from solvent-polymer
interaction and the rate of solvent removal, which depends on the types of solvent employed,
polymer concentration and relative humidity [33-35], and indeed, controlling humidity during
electrospinning can be used to manipulate nanofibre porosity. The sonicated samples,
however, show an even greater degree of roughness, particularly the PLLA and PAN samples
at a sonication time of 35 mins in figure 4i and j, respectively, indicating that the prolonged
sonication managed to roughen the surface of the nanofibres of these two materials, without
any scissioning effect.

The above observations allow us to make some general comments about the mechanism of
the cutting procedure in these polymeric nanofibres. Much of the previous work in ultrasonic
scission of nanofibres has related to either single- or multi-walled carbon nanotubes and a
range of possible failure mechanisms have been discussed for those materials. It is likely that
during sonication, nanofibres are exposed to a range of forces due to the expansion and
collapse of bubbles, with the manner in which these forces interact, deform or cause ultimate
failure of the nanofibres depending on aspects such as the nature of the material, as well as its
dimensions. Pagani et al [24] presented simulations in which the fibre is drawn tangentially
towards the collapsing bubble. What happens as the bubble ultimately collapses is related to
nanofibre length, persistence length and diameter. If the nanofibre is sufficiently long, it
becomes captured close to the bubble surface a torque imbalance subjects the nanofibres to a
series of forces such as compression and rotation, resulting in buckling and curvature. The
shortest nanofibres continue to rotate and become radially pulled in to the bubble, with the
balance of forces being tensile extension, since the end closest to the bubble is pulled at a
greater strain rate than the far end. The influence of these forces on the nanofibre will be very
much controlled by the class of material. Chew et al [23] notes that single walled nanotubes
can fail under the compressive force due to ejection of the atoms from the single wall,
whereas failure in tension may occur due to flaws in the wall.Concievably in other materials
buckling or tension may show a different mode of failure, such as in polymers where
molecular flow and ductility is possible. Other researchers have stated that ejection of eroding
microjets against a solid surface could be a key aspect of the breakage mechanism in
reducing the micro to nano size particle, where the impact would produce a jagged circular
indentation follows by fragmentation [28, 36, 37]. Likewise, it has been proposed that high
temperatures may be likely due to compression as the bubble collapses and causing the
nanotube to fail [25], although this mechanism seems unlikely in our case due to the lack of
any electron microscopy evidence of melting of the nanofibres [21].

It is of interest, then, to consider the process of the intial breakdown of the nonwoven
membrane when exposed to sonication. It would be expected that since the nanofibres are
long and in a web, there would be some level of bending in the early stages of sonication
(especially prior to the initial scissioning), although this may not lead to the breakage of the
fibres. It can be seen in figure 1b and 1h, that although the PAN and PLLA fibres do not fail,
that they are generally extended and bent, with significant amounts of U-shapes and
curls.Even in the scissioned PS fibres (figure 1d), where cutting has been observed, there also
appears to be curvature of the fibres, with a radius of curvature ranging from ca. 5 — 15
microns. This is seen to a lesser degree in scissioned PMMA nanofibres (figure 1f). It
appears that bending alone, although able to cause curling and deformation, is not the only or
indeed primary manner in which these samples are scissioned. At the start of the process
when there is largely the non-woven membrane, the idea of short nanofibres being drawn into
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the collapsing bubble and stretched to failure is not possible, and thus other mechanisms for
the initial breakdown of the fibre must be considered.

The electron micrographs of the fibres after sonication do show that there is a greater
degree of pitting and erosion on the surface of the fibres, and it may be that is an important
part of the mechanism by which these submicron diameter fibres fail. Large scale melting is
not seen on any of the fibres in figure 1 or figure 4 of the sonicated samples, and thus the
mechanism of high temperatures at the point of collapsing bubbles does not appear to be
likely, and this has also been discarded as an option by others [21, 23]. It thus seems likely
that a mechanism such as microjetting and erosive wear of the surface can create a rougher
surface, likely to fail by subsequent stresses on this weakened zone. Samples which are
tougher (greater ductility) such as PAN and PLLA would thus presumably be a more resistive
to erosive wear and/or to subsequent deformations of the fibres, which can be seen in the
evolvement of the surface morphology of the post sonicated sample for 1 min (figure 4b and
4h)and 35 mins (figure 4i and 4j) sonication showing the increment of the surface roughness
without scissioning effect. Certainly the features, although rough in the unsonicated samples,
are further roughened after sonication. It can be seen from figure 4 that the post sonicated
surfaces of the ductile materials (PLLA and PAN) are rougher, compared to PS and PMMA,
where the increase of roughness is more marginal. Once the nanofibre membrane is broken,
and shorter fibres achieved, other mechanisms may be possible — either further bending or
tensile drawing, as well as further pitting and failure, depending on length. We do note that
the ends of the fibres in figure 4 that have failed (PMMA and PS), are not particularly drawn
to a a slender tip and the resultant cut fibres remain bent. It may be that the scissioned fibres,
both prior to and after scissioning, may undergo bending/buckling, but that is not the cause of
failure, with the degree of curvature stress being insufficient. As further evidence of ductility
being the key property, we use calculation of maximum tensional force adapted from [19] to
support our argument. This makes use of equations 1 and 2 below,

Fy = %nué.LZ 1)
DZ
F, = O-break-T[T (2)

where Fy is the maximum tensional force at the center of the fibre and F. is the fracture
stress required to break the fibre, with y, viscosity of water taken as 1 mPa s and strain rate of
10%7 ,Gureax is the tensile strength and the initial fibre diameter, D is taken from table 2. The
fibre will fail when the maximum stress in tension is greater than the failure stress. The four
types of electrospun materials we have investigated, showed that the tensile strength and the
diameter of the fibre did not vary significantly and thus theoretically, we predict
approximtely the same maximum tensile force is required to break the fibres, which would
have resulted in the scission of all types of fibres membrane. However, since not all materials
fail, this suggests other material properties (such as ductility) may be important with regards
to scission.

To test the above hypothesis, and to seek a method by which we can induce scissioning in
the sonication of ductile polymer fibres, we exposed the the PLLA non-woven membrane to a
UV-ozone pretreatment , to induce potential points of weakness on the PLLA membrane by
roughening the membrane nanofibres. UV ozone treatments have been widely used for
removing organic contamination, such as from silicon wafers, and can also be used to
counteract low wettability and hydrophobicity of organic materials through the introduction
of polar groups [38, 39]. We irradiated the PLLA electrospun membrane for 12 mins,
followed by sonication for 29 mins (during which full fibre break up was observed). The
SEM images in figure 5 show the irradiated PLLA membrane before and after the minimum
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sonication time of 29 mins. We note that even though break up was now possible, a
significant length of sonication time was still required, further indicative of the ductility of
the sample.

Figure 5 SEM images of UV irra
29 mins (b, d).

The PLLA membrane, which previously could not produce short fibres after sonication, was
now able to be fragmented into short fibres of 5 £ 5 pum in length (figure 5b). SEM images of
the irradiated sample (figure 5¢) indicate that UV ozone irradiation leads to localised fibre
etching, which has previously been observed [38]. The UV-ozone irradiation of PLLA may in
part also degrade the PLLA macromolecules themselves, as well as pitting the nanofibre
surface [39]. Although those samples exposed to UV-ozone treatment had a rougher, more
pitted surface compared with the pre-sonicated sample (figure 5d), this change was not as
significant as for the untreated sample which was exposed to sonication alone (figure 4b and
4i).

3.2 Ultrasonication of polystyrene nanofibres

In order to investigate the process in more depth, sonication of PS was carried out in water
using different conditions. Factors investigated include: the initial fibre orientation,
sonication time, the influence of the original nanofibre diameter, the influence of removing or
introducing additional gas in the sonication medium to initiate/inhibit microbubble formation
and the effect of the sonication medium temperature.

3.2.1 Effect of electrospun fibre orientation

The influence of fibre orientation on ultrasonication processing, random and aligned PS
membranes (collected on a spinning mandrel with a surface velocity of 6.3 m/s) was
fabricated. Figure 6 shows the images of electrospun fibres before and after sonication (8
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mins), and quantification of the short fibre length at different sonication times. The visually-
observed minimum sonication time for both membranes appeared the same, ca. 1 minute.

; | 5N
9

2

]
d.

164 T —eo— PS 12 wt% aligned ,d = 732+ 312nm
151 —m—PS 12 wt% random ,d =775 + 160nm

Average short fibre length (um)
o
i

Sonication run time (min)

Figure 6 SEM images of the as spun fibres and after sonication run time of 8 mins respectively, a-b)
aligned fibres, c-d) random fibres and e) average short fibre lengths of sonicated, electrospun fibres at
different orientation.

The SEM images, figure 6a and 6c, show that, regardless of orientation, both initial
electrospun nanofibre diameters were approximately the same. Sonication of fibres of both
orientations for 1 min to 8 min resulted in the random, electrospun membranes being
converted to discrete short fibres. The random webs led to a longer average fibre length and
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higher standard deviation compared to those produced from the aligned membranes, with
fibre lengths of 6 £ 2 um and 3+ 1 um, respectively. Statistical analysis (Independent T-test)
highlighted that there is a significant difference (p<0.05) in the fibre length between the
aligned and random fibre webs for each sonication time (figure 6e). In addition to the overall
macroscopic alignment of the fibres, it should be noted that aligning the fibres in an
electrospun membranes also likely leads to a higher degree of molecular orientation of the
polymer chains within those fibres, resulting in higher strength and reduced elongation at
break and ductility [40], the latter particularly facilitating scission. In addition, scission of
random fibres may be more difficult due to a denser, entangled fibre network having reduced
possibilities for bubble infusion and less possibility for flexing of the fibres.

Since the aligned PS membrane produced a more uniform and shorter fibre length with a
reduced lower standard deviation, all the results presented below were obtained using an
electrospun PS membrane with an aligned orientation.

3.2.2 Effect of sonication run time

The effect of sonication time was examined for aligned PS nanofibre webs produced on the
rapidly rotating mandrel. It was found that increasing the sonication run time resulted in
shorter fibre lengths, as shown in figure 6e. Higher magnification images of the short fibre
after sonication run time of 1, 2, 3, 4 and 8 mins are shown in figure 7.
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Figure 7 Greater magnification of PS short fibres pre (a) and post sonication in water, showing the
eroded and pitted surface of the short fibre after time of 1, 2, 3, 4 and 8 mins of sonication run time
(b-f, respectively). A hole puncture on the fibre surface after a sonication run time of 2 mins is visible,
even more obvious after 8 mins of sonication and is consistent with possible impact by high speed
microjets.

The initial membrane of ca. 1 cm?® was readily broken into smaller pieces after 1 min of
sonication, with longer sonication times resulting in shorter fibre lengths, a significant
decrease occurring after 3 mins, with longer processing times showing a reduced effect on
fibre length. This is likely due the fact that the microjets formed are not as effective at
causing failure in the scissioned fibres, as they are more dispersed and it is statistically less
likely that microjets will impinge on the surface of a fibre (unless that surface itself
particularly nucleates bubbles which then collapse). It is possible that the maximum tensile
force resulting from the bubble implosion is less than the force required to cause the sample
to fail.

Previous studies have shown that the size of suspended particles which are sonicated
influences the degree of cavitation erosion due to microjetting [28, 41, 42]. It is necessary for
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the solid surface to be larger than the bubble size [42, 43] in order for the bubble to attach
and implode on the surface, and such bubbles can range from ca. 5 — 30 microns [18]. The
implosion of attached bubble would likewise cause greater fibre damaged if they impacted
directly on the fibre surface, as opposed to jet formation formed from a bubble which
implodes at a distance the fibre surface [28].

In further support of a jetting mechanism as the mechanism for fibre scission, it is found
that, increasing the sonication time also caused an increase in surface roughness, where the
fibre morphology becomes rougher to a significant extent (figure 7). Erosion and pitting
becomes more visible on the surface in the case of sonication run times of 8 mins (figure 7f),
with some of the short fibres were severely eroded with multiple holes on its surface, due to
impingement of high velocity microjets on the surface [44, 45]. This is also seen in TEM
micrographs (figure 8) which shows extensive pitting and indentations on the fibre surface
after 8 mins of sonication time. The indention evident in figure 8b indicates that the microjets
do not always cause direct failure, but rather may be responsible for initiating failure and it
may take several cavitation cycles to cause complete fibre scission.

a - b

a) short nanofibres at lower magnification,
b) middle side of the short fibres showing the indentations which could act as the weak point to
initiate total fracture of the short nanofibre, c) pitting and erosion visible along the surface d) the
rough, cut end of the nanofibre.

3.2.3 Effect of initial fibre diameter

To investigate the influence of fibre diameter on scission events, aligned PS membranes with
an average fibre diameter of 240 £70 nm, 730 £310 nm and 930 £ 290 nm, were electrospun.
This was obtained by increasing the electrospining polymer concentrations from 8 wt% to 16
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wt%, with the more concentrated polymer solution leading to fibres of greater thickness. The
short fibres that result from these different initial diameters after a sonication time of 1 to 8

mins are shown in figure 9.
a
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Figure 9 Effect of sonication on PS fibre at different initial fibre diameter (a) and SEM images of
polystyrene before sonication at different concentration and diameter b) 16 wt%, c) 12 wt% and d) 8

wt %.

Figure 9 indicates that large fibre diameter samples were reduced in length to a lesser degree,
for all sonication times. In particular, at very short sonication times (2 mins), the fibres with
the greatest diameter were significantly greater in length (albeit with a greater size
distribution). The membrane with the largest diameter fibres (930 £ 290 nm) resulted in
longer scissioned fibres, compared to the other two membranes for each of the sonication
times, as determined using ANOVA analysis, with p<0.05. No significant difference in terms
of the short fibre length was observed between the 730£310 nm and 240 £70 nm membranes
(p>0.05).

Given that, in a broad sense, all of the PS fibres of different diameter have similar ductility
and strength, the force required for failure during bubble collapse is greater for the thicker
fibre. Equation 2 indicates that the force required to break the fibre would be proportional to
the fibre diameter. Assuming the tensile strength for all the fibre membranes is the same, the
tensile force required to break the fibre as a function of diameter (from the greatest to
smallest diameter) should be greater than 300 nN, 200 nN and 30 nN, respectively (according
to equation 2). However, as mentioned above, fibre scission is not due to tensile forces alone.
Failure may arise due to other modes of deformation, including from the impact of jetting
and, buckling. If it is assumed that the erosive depth caused by an impinging jet is the same
for all fibres, this represents a reduced relative penetration of fibres with a larger diameter,
and the strain generated by collapsing bubbles may be less likely to lead to sufficient stresses
to take the impinged, thicker fibre to failure. Consequently, the length of scissioned, thicker
fibres is slightly greater. This must be balanced with the larger diameter fibres presumably
having a greater statistical likelihood of bubbles becoming attached to their surface. Note that
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this discussion also makes the assumption that the molecular morphology, including chain
orientation between different diameter fibre samples, is the same, which may not be the case.
However, if molecular orientation was the important factor, one may expect that the chains in
the thicker fibres to be less oriented and thus would show more ductile behaviour on
deformation. This would also contribute to the outcome that fibres with greater diameter are
more ductile, harder to scission, and result in longer, scissioned fibres. It is not clear which of
the above possibilities is the most influential.

3.2.4 Effect of bubble nucleation via degassing and helium injection in water

Previous studies on carbon nanotubes have suggested that most sonication effects are due to
the bubble cavitation behaviour [28, 46] and thus modifying the cavitation properties of the
solution should also influence the scission events. One of factors that influence cavitation is
the presence and/or concentration of dissolved gases in the solvent. The effect of degassing
equilibrated water, and the incorporation of additional helium to the degassed sample for PS
sonicated in water, is shown in figure 10.
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Figure 10 Effect of degassing (0) and the introduction of helium (o), on the nanofibre length
after sonication. A controlled experiment (A) was carried out with water equilibrated at room
temperature and pressure, whilst the degassing (Vac) experiment was achieved by degassing
water in vacuum oven for 12 hrs. The Vac-He experiment involved first degassing under
vacuum, followed by bubbling of helium for 30 mins .

For shorter sonication times (less than 3 mins) degassing of the water increased the resultant
fibre length, compared to sonication in water with equilibrium concentrations of dissolved
air (control) or water with additional helium added, the latter two showing no significant
difference (p>0.05) in the final length of the scissioned fibres. Whilst dissolved gases can act
as nucleating sites, they can also diffuse into the growing bubble and cushion bubble collapse
[47], reducing its potential impact on the fibres. However, the use of helium, which is less
soluble in water than air, would reduce this cushioning effect, and yet ensure availability of
gas for nucleation. Conversely, degassing the water should theoretically reduce the bubble
nucleating sites, resulting in less cavitation (and thus fibre scission). However, in this
instance there would also be less gas that can diffuse into the bubbles and thus the severity of
any collapse of bubbles formed would be greater, with the balance of these properties related
to the gas type.
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In previous work, the effects of sonication on single polymer chains in solution have been
found to be enhanced for systems saturated with monatomic gas (such as Ar and He) where
cavitation is easier, compared to diatomic gases (O,, Hz, N>and air) and polyatomic gases (eg
COy) [47, 48] . The different behaviour is due to differences in specific heat capacity ratio of
the monatomic gases, which are higher compared to diatomic and polyatomic gases. The
specific heat ratio influences the maximum heat and maximum pressure of the bubble
implosion sites, thereby affecting the sonochemical process. Equation 3 and 4 shows the
relationship of the ratio of specific heat with the maximum pressure and temperature [49, 50].

Trax =To [Pm (7/_1)/ P] (3)
Pnax =P [Pm (7/_1)/ P]y/(y_l) (4)

where T, is the temperature of the liquid/solvent, Py, is the pressure in the bubble after
collapse, P is the pressure before collapse (usually assumed to the vapour pressure of the
liquid and v is the ratio of specific heats of dissolved gas or vapour. The greater the specific
heat, the greater the pressure and thus the more energy released to the surrounding upon
implosion, directly leading to a greater sonochemical effect. This indicates that sonication in
water equilibrated with helium (monatomic gas) which has a lower solubility and higher
specific heat ratio compared to air (diatomic gas) would produce a greater cavitation effect,
due to greater bubble nucleation and subsequent bubble collapse, itself leading to a greater
scission rate.

However, the findings in this work show that scission of the PS nanofibres is not greatly
affected by the type of dissolved gas. The gas, regardless of type, appears to act as a
nucleation site for bubbles leading to collapse and the formation of microjets, explaining the
rapid shortening of fibres compared to the degassed sample. This effect appears to dominate
the two possible mechanisms (nucleation vs. cushioning), and the role of gas in the
cushioning effect of collapsing bubbles appears to be less. As sonication time increases
(more than 3 min), the average fibre length for all conditions becomes statistically the same,
attributable to equilibrium amounts of air becoming entrained in the initially-evacuated
sample at longer sonication times.

3.2.5 Effect of temperature on scission of PS nanofibre by sonication in water

The effect of temperature was investigated by comparing low temperature sonication (initial
temperature about 5°C, achieved by cooling the vessel with ice-water slurry) to that of a
comparatively high temperature condition (initial temperature at ambient, ice-pack only). The
recorded temperature (not shown) for both samples after sonication for various times
indicates that the maximum, final temperature of the low temperature processing were about
30°C, whilst the high temperature processing (ice pack only) was in the range of 70°C to
90°C. Although the temperature of processing is different, the post sonication short fibre
length remained statistically the same (data not shown). It has previously been found that
when the temperature of the sonication media was lower, cavitation processes increase,
leading to a greater degree of sonochemical reaction [51]. This phenomenon is related to
solvent properties such as viscosity and vapour pressure. A lower temperature, and thus a
higher viscosity, will lead to greater cohesive forces between solvent molecules which will
increase the threshold of cavitation, thereby making scission more difficult [49]. If sufficient
energy were delivered to overcome these forces and cause cavitation, upon the bubbles
ultimate collapse, the hydrodynamic shear force exerted on the fibres would be greater [51,
52]. It has been reported that when sonication is used to scission individual polymer chains,
the solvent viscosity must usually be optimised to ensure the shear force between the solvent
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molecule is sufficient to cause the breakage of chemical bonds [53], showing that a viscosity
that is too high or low is undesirable for effective cavitation (and thus scission).

In addition, an increase in temperature would lead to an increase in vapour pressure, hence
encouraging more vapour entering the cavitation bubble and cushioning its implosion [51].
We did not observed such differences, probably because the range of the temperature
differences we could achieve with our experimental set up was not sufficiently large enough
to cause a significant effect on cavitation, as compared to other researchers who varied
temperature from -10°C to 61°C[54].

3.3 Confocal microscopy imaging

All images presented this far were taken using electron microscopy, where a solution which
contains short fibres was deposited onto a stub and the solvent allowed to evaporate, leaving
the cluster of nanofibres. However, an artefact of the process was the agglomeration of fibres
during drying, making it difficult for them to be imaged individually and to understand their
dispersion in a solid or liquid medium. In the various applications for which such short
nanofibres may be relevant, such as drug delivery and injectable tissue engineering scaffolds,
good dispersion of short fibres with an aqueous-based matrix is required. To investigate their
morphology in such a matrix, confocal microscopy was used to image the short nanofibres
fluorescently labelled with Rhodamine B which were injected into an agar gel. Figure 11
shows the confocal image of the short fibres that had been sonicated for 4 mins before
injection. The short nanofibres are well dispersed and did not become significantly entangled
with one another. This highlights the potential for these short fibres to be used in
applications that required them to be well dispersed in appropriate media, such as in tissue
engineering or for composite reinforcement.

A ogy———10 um | NN SN e O | Lim
Figure 11 Confocal imaging (top) of polystyrene short fibres enables the individual short fibres to be
readily, compared with SEM images (bottom) which densely agglomerate during the drying process.
Note that all the shorts fibre images were from the same sample i.e. fluorescently-labelled PS at 12
wit% after 4 mins sonication run time.
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3.4 Characterisation via Fourier Transform Infrared spectroscopy (FTIR) and
Differential Scanning Calorimetry (DSC)

Both infrared spectroscopy and thermal scanning calorimetry were performed on the
sonicated samples to determine if any changes to the polymers bulk and surface properties
resulted from the sonication process. The FTIR spectra (not shown here) indicate that there is
no chemical change of sonicated, electrospun PS fibres in water. Furthermore, there was no
clear change observed in the glass transition temperature (approximately 100°C) of sonicated
samples, compared to virgin materials.

It appears then that the sonication process does not modify the chemical or physical
structure of the electrospun polystyrene nanofibres. However, it should be noted that
changing the types of sonicating medium (to those other than water) may produce a different
result. This is due to the difference in solubility, vapour pressure and viscosity that would
affect the surface morphology and properties of the resulted materials [55-57].

3.5 Cryogenic milling of electrospun polystyrene

Cryogenic milling (previously-reported in the literature as a method to fabricate short
fibres[12]) was utilised to compare the morphology of short fibres produced from electrospun
scaffolds using our sonication method. Visually, the cryogenically-milled electrospun fibre
appears powder-like. The SEM micrographs (figure 12) show that the powder consists of a
combination of fibres and chips/flakes. Energy dispersive spectrometry (EDS) spectrums (not
shown here) were used on the fibres and flakes, confirming that the particles are of the same
element i.e. PS. This result is different with the work by Verreck et al where 1 to 4 um
diameter of itraconazole/hydroxypropylmethylcellulose (HPMC) fibres were successfully cut
into 27 um length of fibres by cryomilling method [12]. Unfortunately, no images of their
short fibres were provided, and their final morphology could not be confirmed.

The PS chips that resulted from our cryogenic milling probably arose due to the PS
electrospun membrane used not being sufficiently brittle to fail, and becoming flattened when
impacted. This is surprising since we found it a brittle material, as judged by tensile testing
when in a membrane form, and in its ease of scissioning by sonication. These results
nonetheless demonstrate that for the polymer nanofibres used in this work, cryogenic milling
is not suitable for producing short nanofibres.

20 pm

Figure 12 SEM images of cryogenically-milled (for total time of 10 mins) electrospun PS nanofibres
at different magnification showing the fibre and flakes.

4  Conclusion

This work demonstrates that ultrasonication is a new and effective method to cause the
scission of brittle submicron/nanometre-diameter electrospun polymers such as PS and
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PMMA. In contrast, generating short fibres from more ductile electrospun polymers such as
PAN and PLLA was more difficult. Pre-treatment of these ductile polymers, such as using
UV-ozone treatment, was able to induce flaws and embrittle the material, and act as points of
failure, facilitating the scissioning of these more ductile materials.

The mechanism of the scissioning relates to the formation of cavitation bubbles, which
upon collapse can potentially lead to a range of deformations, including bending, fibre
compression, and erosion and pitting of samples and, if the fibres are short enough, their
extension is in a tensile manner. It is likely that there are various combinations of these at
different times during the sonication process. In the initial catastrophic event, where a portion
of the non-woven, electrospun membrane is reduced to fibres, both flexing and microjet
erosion are likely the primary mechanisms acting on the fibres as they are likely drawn
tangentially to the bubble edge. The attainment of curled fibres (whether the membrane are
scissioned or not) and greater roughening, respectively, indicate bending and erosion
mechanisms. Once the fibres are smaller than a certain length, they can potentially be drawn
into the collapsing bubble, with the particles long axis oriented in a radial manner to the
bubble surface, and thus can be subjected to a high rate of tensile deformation.

Based on these understandings of mechanism, other variables such as the morphology
(diameter, orientation) of the initial electrospun fibres were investigated. It was found that
smaller diameter membrane was broken into slightly smaller length fibres, likely due to the
lower force being required to elongate the fibres to failure. Increased alignment of the fibres
in the original web, achieved by increasing the rotation speed of the drum collector during
electrospinning, also resulted in smaller fibres upon scissioning. This is probably because of
the greater orientation of the polymer chains and reduced ductility due to greater molecular
alignment within the fibres, as well as differences in the non-woven membrane morphology.
Other processing variables such as temperature and dissolve gas did not appear to
significantly change the cavitation/scission process, and thus did not greatly influence final
length. It was found that the sonication process itself did not affect the chemical or physical
structure of the fibres or their constituent polymers.

By taking advantage of various flexibilities in the electrospinning process itself such as
composite fibres with nanoparticles or core-shell membranes, a wide range of short
nanofibres can potentially be made using this method, which could enable their application in
many applications such as coatings, composites and in the biomedical field. Further work is
being undertaken to gain a better understanding of the nature of the scission process, and find
ways to allow even greater control of the final fibre morphology.

Acknowledgments
MS acknowledge financial support from Ministry of Higher Education, Malaysia and the use

of imaging facilities within the Monash Centre for Electron Microscopy (MCEM), Monash
University.

266



Appendix

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Huang, Z.-M., et al., A review on polymer nanofibers by electrospinning and their
applications in nanocomposites. Composites Science and Technology, 2003. 63(15):
p. 2223-2253.

Ramakrishna, S., et al., An Introduction to Electrospinning and Nanofibers 2005,
Singapore: World Scientific Pub.

Bhardwaj, N. and S.C. Kundu, Electrospinning: A fascinating fiber fabrication
technique. Biotechnology Advances. 28(3): p. 325-347.

Nisbet, D.R., et al., Neurite infiltration and cellular response to electrospun
polycaprolactone scaffolds implanted into the brain. Biomaterials, 2009. 30(27): p.
4573-4580.

Nisbet, D.R., et al., Review Paper: A Review of the Cellular Response on Electrospun
Nanofibers for Tissue Engineering. Journal of Biomaterials Applications, 2009. 24(1):
p. 7-29.

Nisbet, D.R. and et al., Interaction of embryonic cortical neurons on nanofibrous
scaffolds for neural tissue engineering. Journal of Neural Engineering, 2007. 4(2): p.
35.

Li, D., Y. Wang, and Y. Xia, Electrospinning of polymeric and ceramic nanofibers as
uniaxially aligned arrays. Nano Lett., 2003 (3): p. 1167.

Jalili, R., M. Morshed, and S.A.H. Ravandi, Fundamental parameters affecting
electrospinning of PAN nanofibers as uniaxially aligned fibers. Journal of Applied
Polymer Science, 2006. 101(6): p. 4350-4357.

Sancaktar, E. and D. Aussawasathien, Nanocomposites of Epoxy with Electrospun
Carbon Nanofibers: Mechanical Behavior. The Journal of Adhesion, 2009. 85(4-5):
p. 160-179.

Deniz, A.E., et al., Electrospun polymeric nanofibrous composites containing TiO2
short nanofibers. Materials Chemistry and Physics, 2011. 129(3): p. 701-704.

Kim, J.S. and D.H. Reneker, Mechanical properties of composites using ultrafine
electrospun fibers. Polymer Composites, 1999. 20(1): p. 124-131.

Verreck, G., et al., Preparation and Characterization of Nanofibers Containing
Amorphous Drug Dispersions Generated by Electrostatic Spinning. Pharmaceutical
Research, 2003. 20(5): p. 810-817.

Kriha, O., et al., Connection of Hippocampal Neurons by Magnetically Controlled
Movement of Short Electrospun Polymer Fibers—A Route to Magnetic
Micromanipulators. Advanced Materials, 2007. 19(18): p. 2483-2485.

Mark, S.S., et al.,, Bioconjugation of Alkaline Phosphatase to Mechanically
Processed, Aqueous Suspendible Electrospun Polymer Nanofibers for Use in
Chemiluminescent Detection Assays. Macromolecular Bioscience, 2008. 8(6): p. 484-
498.

Stoiljkovic, A. and S. Agarwal, Short Electrospun Fibers by UV Cutting Method.
Macromolecular Materials and Engineering, 2008. 293(11): p. 895-899.

Watmough, D.J., Role of ultrasonic cleaning in control of cross-infection in dentistry.
Ultrasonics, 1994. 32 (4): p. 315-317.

Suslick, K.S., ed. Ultrasound : Its Chemical, Physical and Biological Effects. 1988,
VCH Publishers Inc: New york.

Brenner, M.P., S. Hilgenfeldt, and D. Lohse, Single-bubble sonoluminescence.
Reviews of Modern Physics, 2002. 74(2): p. 425-484.

Hennrich, F., et al., The Mechanism of Cavitation Induced scission of Single-Walled
Carbon Nanotubes. J.Physical Chemistry B, 2007. 111: p. 1932-1937.

267



20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Appendix

Chen, H., et al., Effect of dispersion method on tribological properties of carbon
nanotube reinforced epoxy resin composites. Polymer Testing, 2007. 26(3): p. 351-
360.

Ahir, S.V., Y.Y. Huang, and E.M. Terentjev, Polymers with aligned carbon
nanotubes: Active composite materials. Polymer, 2008. 49(18): p. 3841-3854.

Lucas, A., et al., Kinetics of Nanotube and Microfiber Scission under Sonication. The
Journal of Physical Chemistry C, 2009. 113(48): p. 20599-20605.

Chew, H.B., et al., Compressive dynamic scission of carbon nanotubes under
sonication: fracture by atomic ejection. Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Science, 2011. 467(2129): p. 1270-1289.
Pagani, G., et al., Competing mechanisms and scaling laws for carbon nanotube
scission by ultrasonication. Proceedings of the National Academy of Sciences, 2012.
Liu, J., et al., Fullerene Pipe. Science, 1998. 280: p. 1253-1256.

Suslick, K.S. and G.J. Price, Application of Ultrasound to Materials Chemistry.
Annual Review of Materials Science, 1999. 29(1): p. 295-326.

Guo, Z., et al., High-speed observation of the effects of ultrasound on liquid mixing
and agglomerated crystal breakage processes. Powder Technology, 2007. 171(3): p.
146-153.

Wagterveld, R.M., et al., Visualization of acoustic cavitation effects on suspended
calcite crystals. Ultrasonics Sonochemistry, 2011. 18(1): p. 216-225.

Kim, T.G. and T.G. Park, Biodegradable Polymer Nanocylinders Fabricated by
Transverse Fragmentation of Electrospun Nanofibers through Aminolysis.
Macromolecular Rapid Communications, 2008. 29(14): p. 1231-1236.

Kim, T.G,, et al., Hierarchically Assembled Mesenchymal Stem Cell Spheroids Using
Biomimicking Nanofilaments and Microstructured Scaffolds for Vascularized Adipose
Tissue Engineering. Advanced Functional Materials, 2010. 20(14): p. 2303-23009.
Hsieh, A., et al., Hydrogel/electrospun fiber composites influence neural
stem/progenitor cell. Soft Matter, 2010. 6: p. 2227-2237.

Lu, K.L., et al., Mechanical damage of carbon nanotubes by ultrasound. Carbon,
1996. 34(6): p. 814-816.

Casper, C.L., et al., Controlling surface morphology of electrospun polystyrene fibers:
Effect of humidity and molecular weight in the electrospinning process.
Macromolecules, 2004. 37(2): p. 573-578.

Megelski, S., et al., Micro- and Nanostructured Surface Morphology on Electrospun
Polymer Fibers. Macromolecules, 2002. 35(22): p. 8456-8466.

Pai, C.-L., M.C. Boyce, and G.C. Rutledge, Morphology of Porous and Wrinkled
Fibers of Polystyrene Electrospun from Dimethylformamide. Macromolecules, 2009.
42(6): p. 2102-2114.

Haosheng, C., W. Jiadao, and C. Darong, Cavitation damages on solid surfaces in
suspensions containing spherical and irregular microparticles. Wear, 2009. 266(1-
2): p. 345-348.

Price, G.J., AJ. White, and A.A. Clifton, The effect of high-intensity ultrasound on
solid polymers. Polymer, 1995. 36(26): p. 4919-4925.

Sakai, W. and N. Tsutsumi, Photodegradation and Radiation Degradation, in
Poly(Lactic Acid)2010, John Wiley & Sons, Inc. p. 413-421.

Yixiang, D., et al., Degradation of electrospun nanofiber scaffold by short wave
length ultraviolet radiation treatment and its potential applications in tissue
engineering. Tissue Engineering - Part A., 2008. 14(8): p. 1321-1329.

Inai, R., M. Kotaki, and S. Ramakrishna, Structure and properties of electrospun
PLLA single nanofibres. Nanotechnology, 2005. 16(2): p. 208-213.

268



41.

42.

43.

44,

45.
46.

47.

48.

49,

50.
o1,

52.

53.

54,

55.

56.

S7.

Appendix

Chen, H., et al., Study on effect of microparticle's size on cavitation erosion in solid-
liquid system. Journal of Applied Physics, 2007. 101(10).

Suslick, K.S., S.J. Doktycz, and E.B. Flint, On the origin of sonoluminescence and
sonochemistry. Ultrasonics, 1990. 28(5): p. 280-290.

Suslick, K.S., Sonoluminescence and Sonochemistry, in Encyclopedia of Physical
Science and Technology, A.M. Robert, Editor 2001, Academic Press: New York. p.
363-376.

Philipp, A. and W. Lauterborn, Cavitation erosion by single laser-produced bubbles.
Journal of Fluid Mechanics. 361: p. pp 75-116

Shima, A., Studies on bubble dynamics. Shock Waves, 1997. 7(1): p. 33-42.

Jambrak, A.R., et al., Ultrasound effect on physical properties of corn starch.
Carbohydrate Polymers, 2010. 79(1): p. 91-100.

Price, G.J., ed. Current Trends in Sonochemistry. 1992, The Royal Society of
Chemistry: Cambridge.

Mason, T.J., ed. Chemistry with Ultrasound. 1990, Elsevier Applied Science: New
York. 195.

J.Mason, T. and J.P. Lorimer, Applied Sonochemistry2002, Verlag GmbH, Weinheim
Wiley-Vch

Luche, J.-L., Synthetic Organic Sonochemistry1998, New York: Plenum Press.
Vijayalakshmi, S.P. and G. Madras, Effect of temperature on the ultrasonic
degradation of polyacrylamide and poly(ethylene oxide). Polymer Degradation and
Stability, 2004. 84(2): p. 341-344.

Gronroos, A., P. Pirkonen, and O. Ruppert, Ultrasonic depolymerization of aqueous
carboxymethylcellulose. Ultrasonics Sonochemistry, 2004. 11(1): p. 9-12.
Vijayalakshmi, S.P. and G. Madras, Effects of the pH, concentration, and solvents on
the ultrasonic degradation of poly(vinyl alcohol). Journal of Applied Polymer
Science, 2006. 100(6): p. 4888-4892.

Price, G.J. and P.F. Smith, Ultrasonic degradation of polymer solutions: 2. The effect
of temperature, ultrasound intensity and dissolved gases on polystyrene in toluene.
Polymer, 1993. 34(19): p. 4111-4117.

Dang, F., et al., Sonochemical synthesis of monodispersed magnetite nanoparticles by
using an ethanol-water mixed solvent. Ultrasonics Sonochemistry, 2009. 16(5): p.
649-654.

Vijayalakshmi, S.P. and G. Madras, Effect of initial molecular weight and solvents on
the ultrasonic degradation of poly(ethylene oxide). Polymer Degradation and
Stability, 2005. 90(1): p. 116-122.

Starczewska, A., et al., Influence of the solvent on ultrasonically produced ShSI
nanowires. Ultrasonics Sonochemistry, 2009. 16(4): p. 537-545.

269





