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Injuries to the central nervous system (CNS) have traumatic consequences such as
irreparable disability due to the inability of the CNS to regenerate injured nerve
fibres. The aim of the work presented here was to develop a scaffold which
potentially provides guidance to axons in the injured spinal cord thus facilitating
signal transduction. A poly-(lactic-co-glycolic acid) (PLGA, PLA:PGA ratio of 75:25)
flat sheet membrane scaffold was created using phase inversion with N-methyl
pyrrolidinone (NMP) as the solvent and water as the non-solvent for immersion
precipitation. PLGA flat sheet membranes were exposed to surface treatments
including aminolysis, peptide immobilisation and ozonation in order to achieve
higher cell attachment of PC12 cells, a cell line which was cloned from a solid
pheochromocytoma tumour of white rats, and used as a tool for measurement of
regeneration. Cell attachment studies revealed no significant difference in cell
attachment between modified and not-modified PLGA flat sheet membranes.
However, the absence of foetal calf serum (FCS) resulted in fivefold higher cell
attachment compared to medium supplemented with 10% FCS. A second scaffold
was produced by electrospinning 10% (w/w) PLGA in a chloroform:methanol
(CHCl3:MeOH) mixture in ratio of 3:1 resulting in a nanofibrous scaffold. Optimum
settings for electrospinning were found to be 3 ml/h feeding rate, 15kV applied
voltage and 11cm collector-to-needle distance. Random and aligned PLGA
nanofibres were produced, with a fibre diameter of 530140nm. PC12 cells
attached and differentiated to the nanofibrous scaffold. When exposed to NGF
these cells stopped dividing and extended neurites. On random fibres, neurite
orientation was random, whereas on aligned fibres 63% of neurites grew with the
fibre orientation 15. After 7 days of exposure to NGF, cells had 1-4 neurites on
random fibres, reaching a maximum length of 188μm, whereas on aligned fibres,
cells had 1-2 neurites, reaching a maximum length of 400µm. PLGA nanofibres were
also investigated as a delivery vehicle for bioactive molecules. For this, poly-L-lysine
(PLL) was incorporated into electrospun PLGA nanofibres via emulsion
electrospinning. PLGA-PLL nanofibres were significantly larger than PLGA nanofibres
having a diameter of 830190nm. In order to visualise the incorporation of PLL,
FITC-PLL was electrospun und the resulting nanofibres fluoresced greed.
Attachment of PC12s to PLGA-PLL nanofibres was not significantly different
compared to PLGA nanofibres. Aligned PLGA-PLL nanofibres were shown to
promote neurite outgrowth of PC12s with resulting neurites of up to twice the
length compared to aligned PLGA nanofibres. The results suggest that PLGA
nanofibres strongly influences neurite organisation, which is potentially useful for
future therapeutic approaches. The work in this thesis has shown that electrospun
PLGA nanofibre mats have the potential to be used as scaffolds for spinal cord
repair addressing topographical guidance and delivery of bioactive molecules to the
site of injury.
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Nerve injury, particularly to the central nervous system, can have traumatic
consequences such as permanent disability due to loss of motor function. Many
scaffold designs have been utilized in order to promote the growth of neurons
across areas of nerve injury, bridging the gap created by trauma and offering a
permissive environment for neuronal extension. Poly-(lactic-co-glycolic acid) (PLGA)
has been widely used as a scaffold materials for tissue engineering applications, as it
is biodegradable, biocompatible and FDA approved (Lu et al., 2000). However, cell
adhesion and growth can be hampered due to the lack of natural adhesion sites on
the polymer. Here, PLGA flat sheet membranes and electrospun nanofibres are
evaluated in terms of cytocompatibility using PC12 cells.
This introduction chapter gives an overview of the structure of this thesis, briefly
describing the outline of each subsequent chapter.
Chapter 2 presents the current status of tissue engineering for spinal cord repair. It
describes the physiology of the spinal cord, etiology of spinal cord injury (SCI),
physiological changes following a SCI and current treatments available. The chapter
continues by describing the tissue engineering approach and discussing
biomaterials, scaffolds, fabrication methods and their potential for spinal cord
repair. The chapter concludes by describing further points that require investigation
and finishes with the aims and objections of this project.
All materials and methods that were used for the production of the results are
described in detail in chapter 3. The chapter is split in three parts: 1. Experimental
methods, 2. Analytical methods and 3. Statistical analysis.
Chapter 4 describes the work undertaken with PLGA flat sheet membranes. The aim
of this chapter is to investigate the potential of PLGA flat sheet membranes for cell
culture studies. It investigates the surface properties, including surface topography
and hydrophilicity. Furthermore, surface modification, which was undertaken in
order to increase cytocompatibility of PLGA, is presented including aminolysis,
peptide modification and ozone treatment. This is concluded with the analysis of
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cell attachment data using the PC12 cell line. Effects of foetal calf serum (FCS) on
PC12 cell attachment to PLGA is also described and discussed.
Chapter 5 describes the process of electrospinning, which uses a specific set up to
produce nano- and micro-scale fibres. The finding of the optimal settings for
electrospinning PLGA are described including parameters such as applied voltage,
distance between needle tip and collector, solvent, concentration of polymer
solution, viscosity of polymer solution and feeding rate. The resulting nanofibres are
analysed according to bead formation, fibre diameter and fibre alignment.
In chapter 6, PC12 cells are seeded onto the scaffold described in chapter 5. The
behaviour of cells is analysed according to cell attachment, cell proliferation and cell
differentiation. As this scaffold is created to support axonal outgrowth, focus is paid
to the differentiation of PC12s and specifically to neurite outgrowth including
number of neurites per cell, length of neurites and directional outgrowth of
neurites. Differentiation is analysed on random and aligned PLGA nanofibres.
In chapter 7, new fibres are created by incorporation of poly-L-lysine (PLL) into the
electrospun PLGA fibres by means of emulsion electrospinning. In this emulsion, a
water phase containing PLL is mixed with the PLGA solution and then electrospun.
Morphology and hydrophilicity of electrospun PLGA-PLL nanofibres are analysed.
These fibres are further analysed according to their ability to support attachment,
proliferation and differentiation of PC12 cells, investigating number of neurites per
cell, length of neurites and directional outgrowth of neurites in comparison to PLGA
nanofibres.
Chapter 8 briefly summarises the results and provides a general discussion
considering type of scaffold, the process of electrospinning, biocompatibility of
polymers as well as cell culture studies.
A general conclusion is presented in chapter 9 connecting the aims of the project
with results and discussion. The second half of chapter 9 examines future work,
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describing potential short, medium and long term studies as well as general
considerations for spinal cord repair.
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2. THE CURRENT STATUS OF TISSUE
ENGINEERING FOR REPAIR OF SPINAL CORD
INJURIES
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2.1 Physiology and function of the spinal cord
With the brain, the spinal cord is one the most complex organs in the human body.
It is an elongation of the central nervous system (CNS) connecting the brain with the
muscles and sensory nerves. The spinal cord is divided into segments, marking
where the spinal nerves emerge from the cord to specific regions of the body (Fig
2.1). Cervical spinal nerves (C1 to C8) control the signals to the back of the head, the
neck and shoulders, the arms and hands and the diaphragm. Thoracic spinal nerves
(T1 to T12) control signals to the chest muscles, some muscles of the back and parts
of the abdomen. Lumbar spinal nerves (L1 to L5) control signals to the lower parts
of the abdomen and the back, the buttocks, parts of external genital organs and
parts of the leg. The lowest sacral spinal nerves (S1 to S5) control signals to most of
the external genital organs, the area around the anus, thighs and the lower parts of
the legs and the feet (Gondim 2009).
The spinal cord has a core containing nerve cells, surrounded by long tracts of nerve
fibres which consist of axons extending up and down the spinal cord. The interior of
the spinal cord is made up of neurons, glial cells (support cells) and blood vessels.
The neurons and their dendrites are to be found in the H-shaped region called grey
matter. The grey matter contains the cell bodies of motor neurons, smaller
interneurons and sensory neurons. The grey matter is surrounded by white matter,
where myelin-covered axons are to be found. The circumference of the spinal cord
varies depending on its location, as it is larger in the cervical and lumbar regions
because these areas supply the arms and upper body and the legs and lower body,
requiring the most intense muscular control and receive the most sensory signals
(Kano et al., 2006).
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Figure 2.1 Physiology of the spinal cord. The spinal cord is divided into four levels which control
different parts of the human body. The outer edge of the spinal cord is the white matter which
contains the axons. The grey matter contains the cell bodies of the neurons. Cell bodies of motor
neurons are in the motor root; the sensory root contains the primary sensory pathways that transmit
sensory information from skin and muscle to the brain. The cell bodies of the sensory neurons are in
the sensory root ganglion. Reprinted with permission of Macmillan Publishers Ltd: Nature Reviews
Neuroscience (Bradbury and McMahon, 2006), ©.

2.2 Spinal cord injury
2.2.1 Ethiology of spinal cord injury
Spinal cord injuries (SCIs) have a multitude of forms, most of which lead to long
term disability, financial and emotional burden, and permanent reduction in the
quality of life. In the United States around 11,000 new SCIs are registered each year
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and over 250,000 people live with a spinal cord injury (The National SCI Statistical
Center 2009). Most SCIs are due to vehicle crashes, accounting for 41.3% of cases,
followed by injuries caused by falls (27.3%), violence (15%) and sport (7.9%) (The
National SCI Statistical Centre 2009). SCI can also be caused by medical conditions,
such as multiple sclerosis, a disorder that destroys the myelin insulation on nerves
in the cervical spinal cord. Other medical causes include polio and postpolio
syndrome, vitamin B-12 deficiency, amyotrophic lateral sclerosis (ALS; Lou Gehrig’s
disease), human T-lymphotropic virus type 1 (HTLV-1) as well as causes of
myelopathy. As most patients are in their mid-twenties, the cost of long-term care
and rehabilitation amount up to an estimated US$ 14.7 billion a year (Sekhon and
Fehlings, 2001), plus the immeasurable cost of psychological pressure every patient
is exposed to.

2.2.2 Response to injury
SCI triggers a cascade of events starting seconds after the injury and proceeding for
months and years. SCIs have an impact on three main body systems: the nervous
system, the immune system and the vascular system. These systems respond to the
injury and interact with each other. The consequences of a SCI depend on the level
at which the cord is damaged and the type of injury sustained including contusion,
laceration and solid cord injuries (Table 2.1). Although the events following a SCI are
necessary to restore the blood-brain barrier and minimise secondary tissue damage,
they result in an environment which is not supportive of tissue regeneration.
Table 2.1 Types of spinal cord injuries (Liverman 2005)

Type of
Injury

Total Injuries
(%)

Contusion

25 to 40

Laceration

25

Solid cord
injury

17

Description
Bruising, but not severing, of the spinal cord, due to
falls and vehicle crashes
Severing or tearing of the spinal cord and introduction
of connective tissue into the spinal cord, typically
from gunshot or knife wounds
Axon injury and demyelination, due to falls and
vehicle crashes
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Damage to the spinal cord results in tissue loss, and consequently in formation of
large cavities at the site of injury (Quencer and Bunge, 1996). The long-term
disability from SCI results not only from the injury itself, but also from complications
that accumulate later on. Up to 30% of patients with SCI are hospitalized every year
with complications (McKinley et al., 1999), such as pain, infections (lung, skin, and
urinary tract), severe spasticity, heterotropic ossification, osteoporosis, bone
fractures and autonomic dysreflexia (McDonald and Sadowsky, 2002, Sjolund,
2002).
SCI triggers a three phase response: the acute (seconds to minutes after the injury,
the secondary (minutes to weeks after the injury), and the chronic response
(months to years after the injury) (Table 2.2). Directly after the injury the cord starts
swelling preventing venous blood flow, causing a secondary venous infarct in the
central part of the cord initiating damage to the neighbouring tissues. During the
secondary process, cells die by toxic necrosis as well as apoptosis, resulting in
enlargement of the initial injury site. Cells continue to die during the weeks
following the injury resulting in cavity formation (Crowe et al., 1997).
Table 2.2 Three major phases after spinal cord injury (Liverman 2005).

Acute

Secondary

Systemic hypotension and
spinal shock

Continued cell death

Haemorrhage

Continued oedema

Cell death from direct insult
of ischemia (disruption of
blood supply)

Continued shifts
electrolytes
Calcium entry into cells

Oedema (swelling)

Free-radical production

Vasospasm (reduction in
blood flow)

Lipid peroxidation

Demyelination

Neutrophil and lymphocyte
invasion and release of
cytokines
Apoptosis (programmed
cell death)

Regenerative processes,
including sprouting by
neurons

Shifts in electrolytes
Accumulation of
neurotransmitters

Chronic
Continued apoptosis radiating
from site of injury
Alteration of ion channels and
receptors
Formation of fluid-filled cavity
Syringomyelia (cavity
formation)
Scarring of spinal cord by glial
cells

Altered neurocircuits
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2.2.3 Repair at injury site
After the sustained injury, the spinal cord is partly able to heal itself, starting at
about 24 hours after the injury and continuing for years (Tator, 1998).
Unfortunately, mature nerve cells lack the ability to divide once injured. The
recovery is due to plasticity of the remaining neurons, which is inhibited by
molecules in their extracellular vicinity. Adhesion molecules are not up regulated in
the distal spine as they are in the peripheral nervous system (PNS) limiting the
recruitment of macrophages, which are responsible for removal of inhibitory myelin
and promoting regrowth of neuronal cells (Avellino et al., 1995). Finally, as a general
reaction to any type of assault to the CNS, astrocytes proliferate, become
dismorphic and form the glial scar that inhibits regeneration (McKeon et al., 1991,
Schmidt and Leach, 2003). The glial scar consists of highly interwoven astrocytes
which are connected through gap junctions that, together with the inhibitory ECM,
form a physical as well as a molecular barrier for nerve regeneration (Fawcett and
Asher, 1999) (Fig 2.2). It is still not elucidated what triggers the initial inhibition
versus growth-promoting glial environment. To date, only β-amyloid, which was
discovered in connection with Alzheimer disease, has been named as a potential
trigger for creating astrocytes that are functionally inhibitory (Canning et al., 1993).
The role of the glial scar is to contain the injury site and promote healing. Some
evidence has shown similarities between the glial scar and the dermal wound
healing processes (Velardo et al., 2004). Although the glial scar is successful in
containing further physical damage, it prevents neuroregeneration as cells present
in the glial scar secrete neuro-developmental inhibitor molecules, preventing full
recovery. In addition to reactive astrocytes, scar formation involves macrophages,
microglia and oligodendrocytes precursor cells (OPCs) (Chen et al., 2002).
Apart from astrocytes, OPCs play a major role in inhibition of axonal extension in
the injured CNS. They are stem- or stem-like cells that make up 5-8% of the glial cell
population in the CNS and are present in white and grey matter areas (Levine et al.,
2001) and can differentiate into either astrocytes or oligodendrocytes (Wolswijk
and Noble, 1989). Large numbers of OPCs are recruited to any traumatic site of
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injury in the CNS thus participating in the glial response to injury. Additionally, OPCs
can express proteoglycans, such as NG2, phosphacan, versican and neurocan which
participating in rendering the damaged CNS (Fawcett and Asher, 1999).

Figure 2.2 Schematic representation of the spinal cord injury site. Many cells die immediately after
the injury, as well as later on. Cysts usually form after contusion injury. After penetrating injury, cell
from the PNS infiltrate the site of injury to form connective tissue incorporating reactive astrocytes,
progenitor cells and microglia. Ascending and descending axons are interrupted and do not
regenerate over long distances. Scarring is associated with increased release of chondroitin sulphate
proteoglycans (CSPGs) and limit further regeneration resulting in a very hostile environment for axon
repair. Reprinted with permission of Macmillan Publishers Ltd: Nature Reviews Neuroscience (Yiu
and He, 2006), © (2006).

Fibroblasts of meningeal origin are the main non-neural cells that are recruited to
the site of CNS injury when the blood brain barrier is opened. Together with
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astrocytes and oligodendrocytes, they must be added to the list of cells expressing
inhibitory molecules in the glial scar. Fibroblasts are the main expression source for
the semaphorin family, including Sema3B, Sema3C, Sema3E and Sema3F, as well as
NG2, tenascin C (Ajemian et al., 1994) and the V0 form of veriscan (Hirschberg and
Schwartz, 1995, Pasterkamp et al., 1999). Semaphorins are secreted membrane
proteins that play a role during the development of the nervous system where they
act as inhibitory short-range molecules preventing axons from growing towards
inappropriate targets (Vanderhaeghen and Cheng, 2010, Bolsover et al., 2008).
Extracellular matrix (ECM) molecules such as CSPGs, also known as lecticans or
hyaluronan-binding proteins, including aggrecan, versican neurocan and brevican,
play the most influential role in the inhibitory process (Grimpe and Silver, 2002).
Other CSPG families include small proteoglycans (biglycan, fibromodulin, decorin
and lumican) and cell-surface proteoglycans (syndecan-1 and syndecan-4)
(Bovolenta and Fernaud-Espinosa, 2000). They comprise large molecular complexes
with a protein core to which large, highly sulphated glyscosaminoglycan (GAG)
chains are attached (Bradbury et al., 2002). It has been suggested that CSPGs bind
laminin and thereby prevent laminin’s neurite promoting activity (Bolsover et al.,
2008).
Other important neurite outgrowth inhibitory factors are the Nogo family (Nogo-A,
B and C) of oligodendrocyte membrane proteins (Schwab, 2004), myelin-associated
glycoprotein (MAG) (DeBellard et al., 1996) and oligodendrocyte myelin
glycoprotein (OMgp) (Domeniconi and Filbin, 2005). These three proteins signal
through a common receptor, the Nogo receptor (NgR). NgR forms a complex with
the neurotropin receptor p75 and with LINGO-1 (Wong et al., 2002), which then
activates the GTPase RhoA, that recruits the Rho kinase which in turn mediates
cytoskeleton remodelling and inhibits neurite outgrowth (Alabed et al., 2006).
Additionally, Nogo-A is specifically involved in growth cone collapse and inhibition
of neurite outgrowth (Oertle et al., 2003).
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MAG is a member of the immunoglobulin superfamily that is expressed in the PNS
Schwann cells and CNS oligodendrocytes (McKerracher et al., 1994). It has an
inhibitory role on neurite outgrowth after injury, whereas it enhances neurite
outgrowth in prenatal dorsal root ganglia (DRGs), embryonic retinal ganglion or
spinal neurons (Mukhopadhyay et al., 1994).
The third Nogo receptor ligand, OMgp, has only been characterised in vitro, where it
was shown to induce growth cone collapse and inhibition of neurite outgrowth
(Kottis et al., 2002).
The major promoter molecules within the CNS are laminins, which are a family of
large glycoprotein components of the ECM with a strong neurite promoting ability
in vitro, in the PNS and in the CNS. Laminins play an important role in axonal growth
and guidance during development as well as cell attachment and proliferation (Liesi,
1985, Timpl et al., 1979). It is controversial where laminin is expressed as reports
contradict each other. For example, laminin is associated with Schwann cells and
astrocytes and is detected in extracellular locations (Menet et al., 2001), but it has
also been located within neurons (Zhou, 1990), whereas others failed to find
laminin in CNS neurons (Thomson et al., 2006).

2.2.5 Current treatment for spinal cord injury
There is still no successful treatment available for chronic SCIs. This is due to several
reasons. First, there has been no evidence favouring one process to be responsible
for all the pathophysiological consequences following a spinal cord injury, making it
difficult to understand the mechanism of the injury. Second, most interventions
reported to date focus on one aspect of the injury process, destined to fail when
tested or combined with other interventions or even interfere with each other
(Thuret et al, 2006). Hence, it is critical to understand the full extent of the
mechanism and identify combined therapies, which are more likely to be effective
than one approach only.
Furthermore, no therapy is available for the long term consequences such as
permanent locomotion impairment, pain, and bladder, sexual and other autonomic
28

Marina Krämer

dysfunctions. Currently, the treatment for an acute SCI includes protecting the
neurons, preserving residual axons and white matter and preventing further
damage by administration of high doses of methylprednisolone (MP, Medrol), an
anti-inflammatory agent (Hall and Springer, 2004). Additionally, the spine is
immobilized and stabilised, with e.g. a body harness or a rigid neck collar, to
accomplish traction and bring the spine into proper alignment during healing.
Surgical intervention is necessary to remove fragments of bones, foreign objects,
herniated discs or fractured vertebrae that might be compressing the spine.
Preventing future pain and deformity are other aims of surgery. The optimum
timepoint of surgery is still controversial (Mirza et al., 1999). Although early surgery
results in neurological recovery in animals, timing in humans is still unclear (Fehlings
and Tator, 1999). Early surgery has been shown to reduce complications, length of
stay and hospital costs, but more comprehensive studies are necessary to clearly
demonstrate the most beneficial time point for neurological outcome (Kishan et al.,
2005).
Once the patient is stabilized, ongoing care takes place concentrating on
consequences of immobilization, such as deconditioning, decubitus ulcers, urinary
infections, blood clots and muscle contractures. Stays in hospital range from days to
months depending on the extent of the paralysis and progress made during
therapy. Rehabilitation focuses on regaining leg and arm strength, redeveloping fine
motor skills and learning new techniques (e.g. using the wheelchairs, computer
devices and functional electrical stimulation systems) which help accomplish day-today tasks. Partial recovery usually occurs between one week and six months after
the injury. Impairment present after 12 to 24 months is likely to be permanent.
Although the capacity of the CNS to regenerate axons and re-establish a functional
network after injury is very limited (Schwab and Bartholdi, 1996), studies in animal
models have shown that only 5-10% of undamaged descending axonal tracts are
needed to maintain a reasonable locomotion (Eidelberg et al., 1977). This gives rise
to great hope for therapeutic interventions aiming to spare or re-establish these
connections. But without a clear pathway for axon outgrowth, regeneration of the
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spinal cord is impossible. The combination of cell therapy and biomaterials may
provide a permissive environment that promotes and accelerates spontaneous
cellular regeneration. Tissue engineering combines biomaterials with cellular
therapies and results in neural guidance conduits which mimic natural neural tissue
thus potentially accelerating the healing process.

2.3 Tissue engineering and combined therapies
Tissue engineering has arisen in order to address the extreme shortage of tissues
and organs for transplantation and repair. It is an interdisciplinary research area
which encompasses different areas of science, ranging from basic biology
(physiology, cell biology, and embryology), engineering fundamentals (material
science, fluid dynamics, and chemical kinetics), mathematical modelling, clinical
aspects (medicine, pathology, and immunology) and relevant biotechnologies (cell
culture, cell separation, and gene transfer).
The first symposium under the name of tissue engineering was held in 1988, where
a working definition was proposed as follows: “The application of the principles and
methods of engineering and life sciences toward the fundamental understanding of
structure-function relationships in normal mammalian tissue and the development
of biological substitutes to restore, maintain, or improve tissue function.” (Skalak
and Fox 1988). Tissue engineering was developed to overcome problems of
transplantation (rejection, side effects caused by autoimmune drugs and scarcity of
donors), autografting (donor site morbidity) and permanent transplants (long-term
side effects, can last for maximum 15 years) (Ries, 2003).
The principle of tissue engineering is to culture cells on a biodegradable scaffold
creating an environment as close as possible to the environment present in vivo
followed by implantation into the body of the patient, where the implant promotes
tissue regeneration and degrades with time (Fig. 2.3) (Wald et al., 1993).
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Figure 2.3 Tissue engineering approach. 1. Isolating stem cells, 2. Differentiating stem cells into
desired cell type and expanding cell number in culture, 3. Cell seeding on scaffold with growth
factors and cytokines, 4. Incubation in culture, 5. Re-implanting tissue into damaged site (George
2006).

To engineer a tissue, three components are required: cells that give rise to the
required tissue, scaffolds supporting cell adhesion and proliferation and the
creation of an appropriate environment for the cells to grow in and create tissue
structures. The same approach as outlined for general tissue engineering can be
applied to the specific environment of CNS. The success of the reparative strategy
depends on modulating the factors interfering with:
1. Initiation and maintenance of axonal growth and elongation
2. Directed regeneration of axons to reconnect with their target neurons
3. Reconstitution of original circuitry, which leads to functional restoration
4. Protection and replacement of original cellular environment
5. Overcoming the inhibitory signals and limiting the scar formation
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2.4 Tissue engineering approaches for nerve regeneration
A nerve regeneration approach cannot be provided by a single solution, such as
cellular or chemical therapies. Instead it is more likely to be successful using a
multidisciplinary approach, including administration of cells, medication and
delivery of a physical scaffold.
A scaffold for nerve regeneration has to fulfil several parameters, such as ease of
process into the desired geometry, sterility, tear resistance and ease of handling.
Plus, guidance channels must be pliable, but maintain their form and resist collapse
during implantation and over time course for regeneration (Schmidt and Leach,
2003). Degradable scaffolds are preferred to non-degradable, as non-degradable
scaffolds are more likely to provoke a chronic inflammatory response and might
compress the nerve over time (Schmidt and Leach, 2003, Hudson et al., 1999).
Furthermore, removal of non-degradable scaffolds from the site of injury is not
possible as the scaffolds contain the patient’s nerves thus biodegradable materials
are preferred. The ideal scaffolding must provide support for the regenerating
axons on which they grow, making it necessary to control the degradation rate of
biodegradable materials. At the current state of research it is not clear how quickly
axons extend in the CNS in order to reconnect with the distal part of the spinal cord,
which complicates the design of an ideal biodegradable scaffold.
The desired physical properties of an ideal scaffold were reviewed by Hudson (Fig
2.4) (Hudson et al., 1999). A scaffold is there to bridge the site of injury, fill the
cavity preventing further scar formation and to release growth promoting factors.
As well as releasing growth-promoting factors, other therapeutic agents can be
introduced into the scaffold, which are released while the scaffold degrades,
making the scaffold a drug delivery vehicle. These therapeutic agents can be
antibodies to inhibitory proteins, digestive enzymes of the glial scar and intracellular
signalling molecules, which were all shown to have a positive effect on regeneration
in the CNS (Schmidt and Leach, 2003, Piotrowicz and Shoichet, 2006, McKerracher,
2001). This combination of a scaffold (with designed parameters, such as porosity,
topography), supporting cells (for example Schwann cells) and growth factors
32

Marina Krämer

released from the scaffold is a tissue engineering approach as described in figure
2.4.

Figure 2.4 Properties of an ideal guidance channel. The desired physical properties of a nerve
conduit include: a biodegradable and porous channel wall, the ability to deliver bioactive factors
such as growth factors, the incorporation of support cells, a matrix supporting cell migration,
intraluminal channels mimicking the structure of nerve fascicles and electrical activity (Schmidt and
Leach, 2003, Hudson et al., 1999).

2.5 Scaffolds for neural tissue engineering
Scaffolds play a very important role in tissue engineering and are defined as porous
biomaterials designed to perform some or all of the following: (1) promote cellbiomaterial interactions, as most mammalian cell types are anchorage-dependent
and die if an adhesive substrate is not provided; (2) provide sufficient transport of
gases, nutrients and regulatory factors to provide cell survival, proliferation and
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differentiation; (3) biodegrade at an appropriate rate for the tissue of interest,
promoting tissue regeneration; and (4) be non-inflammatory and have a low level of
toxicity. Scaffolds can be fabricated from natural and synthetic polymers, ceramics
and even metals (Atala et al., 2008).
Natural polymers are of great interest because of their biocompatibility, relative
abundance, commercial availability and ease of processing. Natural polymers
include proteins (collagen, laminin, fibronectin, fibrin, gluten, silk, elastin,
hyaluronic acid) (Schense et al., 2000), (Dubey et al., 1999) and carbohydrates
(chitosan or chitin, cellulose, starch and alginate) (Nomura et al., 2006), (Stokols and
Tuszynski, 2006). On the negative side, natural polymers are usually expensive,
suffer from cross-contamination from unknown viruses due to isolation from plant,
animal or human tissue, and show batch-to-batch variations (Shorgen 1999).
Synthetic polymers are more easily controlled by physicochemical properties than
natural polymers, can be processed with various techniques and can be produced
consistently in large amounts and with reduced immunogenicity. Synthetic
polymers are largely divided into two groups such as (1) biodegradable and (2) non biodegradable.

Non-biodegradable

(hydroxyethylmethacryalte)

polymers

(PHEMA),

include

for

polyvinylalcohol

example
and

poly

poly(N-

isopropylacrylamide). Examples of biodegradable polymers are polycaprolactone
(PCL), polyurethanes and the family of poly(α-hydroxy) esters such as poly(lactic
acid) (PLA), poly(glycolic acid) (PGA) and their copolymer poly(lactic-co-glycolic acid)
(PLGA). Biodegradable polymers are preferred to non-biodegradable as they
provide temporarily mechanical and biochemical support resulting in the formation
of natural tissue with limited chronic foreign body reaction, making second surgery
for implant removal not necessary.

2.5.1 Guidance therapies
Various polymers have been tested for SCI repair strategies. Advanced approaches
have been developed in order create complex guidance channels and combine
multiple stimuli into one single therapy. When creating guidance channels most
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research has focused on fabricating intricate internal structures that mimic the
nerve architecture more accurately. These involve the inclusion of fibres or
channels into the structure of the scaffold. These guidance scaffolds were
fabricated in a number of ways, including magnetic polymer fibre alignment,
injection molding, phase separation, solid free-form fabrication, ink-jet polymer
printing, electrospinning or, more recently, self-assembling techniques.
Injection molding, magnetic alignment and phase separation
Nerve guidance conduits have usually been generated as hollow tubes or as porous
rods as they are easily manufactured. One scaffold was produced using an injection
molding technique, where a polymer mixture is forced into a heated cask, mixed
and fed into a mold where it cools down, solidifies in the shape of the mold and
becomes a scaffold onto which cells are seeded. In this approach PLA (Hadlock et
al., 1998) and PLGA (Moore et al., 2006) guidance channels were produced
containing chambers to mimic the fascicular organization of the nerve and were
shown to support in vivo nerve regeneration (Hadlock et al., 1998) (Fig 2.5). PLGA
was also manipulated by injection molding followed by a thermally induced phase
transition process which resulted in scaffolds with longitudinally aligned internal
channels ranging from a single channel of 1.35 mm diameter to 100 channels of
0.08 mm diameter (Fig 2.5) (Sundback et al., 2003). Although this approach is
promising it was only tested in the PNS (rat sciatic nerve) and its design is relatively
basic compared to the complex structure of the spinal cord thus making further in
vivo research neccessary.
Several investigations concentrated on spun fibres of e.g. collagen or other
biodegradable materials that are placed within the lumen of the guidance scaffold.
For example, a PGA-collagen tube filled with laminin-coated collagen fibres (4mm
inner diameter, 50m wall thickness, and 90mm in length) was implanted into dogs
to bridge an 80mm gap (Matsumoto et al., 2000). Functional recovery was
recorded, with the gap being wider than any other previously reported (up to
50mm). The disadvantage of this method lies within its tedious preparation and the
absence of control over fibre and chamber alignment because of the non35
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automated fabrication method. Thus, more effort was invested into other methods
which facilitate the control over internal aligned structure, are less tedious and
allow controlled scale-up.

Figure 2.5 Tubular scaffolds scaffold for nerve regeneration. PLGA scaffold created from parallel
wire molds (A+B). Scanning electron micrographs of transverse cross sections of 7-channel and single
channel PLGA conduits (C+D) (Sundback et al., 2003). Scale bar 500µm. Reprinted from Moore et al.,
(2006) and Sundback et al., (2003) with permission from Elsevier, ©.

A different approach has used magnetic fields as means of creating matrix
alignment of protein polymers. Aligned collagen and fibrin scaffolds have been
shown to promote directional neurite outgrowth in vitro and in vivo compared to
random scaffolds (Ceballos et al., 1999, Dubey et al., 2001).
For a rat spinal cord hemisection model a PLGA scaffold was produced using the
gas-foaming technique (Fig 2.6). The work focused on tissue studies showing cell
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infiltration and alignment within the channels (De Laporte et al., 2009). Using a
solid-liquid phase separation technique and a salt-leaching process a conceptually
novel PLGA scaffold with inner-oriented pores was created for spinal cord repair
and seeded with neural stem cells (Teng et al., 2002) (Fig. 2.6). When implanted into
an adult rat hemisection CNS model reduction of secondary injury processes and
glial scarring was observed, as well as weight-bearing hindlimb stepping, which was
not detected in control animals.

Figure 2.6 Schematic of scaffold designs. (A) PLGA multiple channel bridges with 20 channels of
150μm diameter and 7 channels of 250μm diameter fabricated using gas foaming technique, scale
bars = 500μm. Schematic of bridge implantation in spinal cord hemisection. Reprinted from De
Laport et al., © (2009) with permission from Elsevier. (B) Schematic of the PLGA-PLL scaffold design
showing the inner (fabricated using salt leaching process, seeded with NSCs) and outer (fabricated
using the solid–liquid phase separation technique). Reprinted from Teng et al., © (2002) with
permission from National Academy of Science, U.S.A.

Solid freedom fabrication and ink-jet liquid polymer printing
Solid freedom fabrication and ink-jet liquid polymer printing are relatively new
techniques and can produce features as small as 6µm (Friedman et al., 2002). 3D
printing is one type of solid freedom fabrication and uses powder processing in a
layer by layer manner (Park et al., 1998). This process, like other solid freedom
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fabrication methods, creates a scaffold from a computer model and is able to create
complex features, such as internal walls, porosity gradients and multiple material
regions. The limitations of this approach lie within the high cost of the equipment.
Ink-jet printing has been used to create PLA scaffolds with desired thickness,
dimensions and incorporated biomolecules. MicroFab Inc. in Plano, Texas designed
the printer to produce bifurcated degradable polymer tubes with ridges to provide
strength and thinner parts to allow nutrient exchange (Schmidt and Leach, 2003).
These techniques provide powerful tools for scaffold fabrication, although they
range within the micrometer scale and recent research focuses on manipulating
biomaterials on the nanometre scale.
Electrospinning
Electrospinning is used for fabrication of ultrafine nanofibres and for designing
three-dimensional tissue scaffolds. The produced scaffolds have the advantage of
resembling the ECM structure (e.g. collagen fibres) and support cell attachment,
proliferation and differentiation (Rho et al., 2006).
Although this method has been known for more than 70 years in the production of
textile yarns, its use for processing of large molecules started in the early 1990s
(Doshi and Reneker, 1995). Electrospinning is a process where polymer nanofibres
are produced or spun using electrostatic force, hence the name electrospinning
(Doshi and Reneker, 1995). During the process the polymer solution is pumped
through a syringe needle, where high voltage is applied (Fig. 2.7). The droplet of
polymer solution, which is forced out of the needle tip, becomes highly electrified
and distorted into a conical shape called the Taylor cone, named after its discoverer
(Taylor 1969). Once the electrostatic force overcomes the surface tension, it forces
the ejection of a liquid jet. The jet undergoes a stretching and whipping process
leading to the formation of a long thin thread (Shin et al., 2001). The thread is
collected on the grounded surface, while the solvent evaporates or solidifies.
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Figure 2.7 Schematic of electrospinning (A) and SEM image of electrospun PLGA (B). For
electrospinning, the polymer is dissolved in a solvent and the solution is ejected through a needle by
the electrostatic force (A). The solution evaporates and the charged polymer is collected on a
grounded collector, forming a mesh of non-woven nanofibres (B). The advantage of this technique is
the use of simple equipment and control over porosity, morphology and composition of the mat
created

An important characteristic of electrospinning is the ability to produce fibres
ranging from nanometres to a few microns in diameter (Li and Xia, 2004). Therefore
the resulting fibrous mats have a large surface area per unit mass, making them
usable for applications such as wound dressing, artificial blood vessels (Dong et al.,
2008) and tissue engineering scaffolds (Martins et al., 2008).
For neural tissue engineering purposes, a wide range of polymers have been
electrospun (natural and synthetic, degradable and non-degradable, biocompatible
and non-biocompatible) to manufacture random and aligned scaffolds (Cao et al.,
2009). For example, Patel and co-workers have produced random and aligned PLLA
nanofibres and demonstrated their effect on directional neurite outgrowth of DRGs
(Patel et al., 2007). Astrocytes and DRGs have been seeded on random and aligned
poly(dioxanone) (PDS) (Chow et al., 2007). Human Schwann cells were cultured on
random and aligned PCL nanofibres (Chew et al., 2008). Due to its potential,
electrospinning is the focus of an increasing number of investigations (Li and Xia,
2004).
Self-assembling scaffolds
Self-assembling scaffolds, that form the desired structure after being injected into
the injury site, are one the most recent developments (Tysseling-Mattiace et al.,
2008). These isoleucin-lysine-valine-alanine-valine-epitope (IKVAV) containing
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peptide amphiphile molecules self-assemble in vivo into nanofibres after being
injected as a liquid into the tissue of interest. The self-assembly takes place due to
the characteristics of the molecule which has a hydrophilic and a hydrophobic
sequence and once the electrostatic repulsions are screened by electrolytes, the
molecules are driven to assemble by hydrogen bond formation and by the
unfavourable contact of the hydrophobic segments and water molecules (Silva et
al., 2004), (Tysseling-Mattiace et al., 2008) (Fig 2.8). Great potential lies in this
technique as implantation of the scaffold is simplified reducing side effects of the
implantation procedure.

Figure 2.8 Molecular graphic illustration of an IKVAV-containing peptide amphiphile molecule, its
self-assembly into nanofibres and SEM image of nanofibre network in vitro. Scale bar=300nm.
(Silva et al., 2004). Reprinted with permission from AAAS.

2.5.2 Material selection
The task of finding an optimal biomaterial for SCI has confronted tissue engineers
with various challenges. Methods of fabrication have been discussed in the previous
chapter and raise challenges themselves which to be further improved in order to
address the challenges of scaffold design for SCI. For neural tissue engineering the
challenges include several aspects such as mechanical strength, pore-size,
hydrophilicity and conductivity. Most of these parameters are still sub optimal, as
for example a PLA tubular scaffold collapsed after implantation into a rat spinal cord
due to its low mechanical strength, preventing axonal outgrowth (Oudega et al.,
2001). Various polymers have been tested and the most significant results are
presented and discussed here (Table 2.3).
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In order to increase the material’s mechanical strength and pore-size and to
decrease its hydrophobic surface properties, an introduction of bioactive molecules,
manufacturing methods for porous structures and several hybrids with numerous
materials have been developed. These materials have been processed into foams,
films and fibres and seeded with Schwann cells, neural stem cells, PC12s and dorsal
root ganglia cells (DGRs) in order to evaluate their regenerative potential (Table
2.3).
The family of poly(α-hydroxy) esters (PLA, PGA, PLGA) are approved for clinical use
by the FDA. They are extensively used or tested for nerve regeneration strategies
due to their biocompatibility and controllable biodegradability. These poly-esters
have also been used as sutures (Yang et al., 2001), enforcement materials (Zong et
al., 2005) and drug delivery devices (Aubert-Pouessel et al., 2002, Tatard et al.,
2005). The materials have been applied in tissues such as skin (Kim et al., 2006a),
(Blackwood et al., 2008), liver (Mayer et al., 2000), cartilage (Fan et al., 2006), blood
vessel (Kaushiva et al., 2007), bone (Yang et al., 2001) and nerve (Bini et al., 2006).
Another biodegradable poly(ester), poly(caprolactone) (PCL), has also been tested
as guidance scaffold and demonstrated potential for nerve repair applications
(Ghasemi-Mobarakeh et al., 2008). In addition to poly(esters), other biodegradable
materials, such as poly(organo phosphazene) (Nicoli Aldini et al., 2000),
methacrylate-based hydrogels (Dalton et al., 2002), poly(3-hydrocyrutyrate) (Young
et al., 2002) and poly(urethane) (Soldani et al., 1998), have also shown potential for
nerve regeneration. Although the majority of these studies focus on PNS
regeneration, lessons can be learned from these experiments as to how cells
behave on biomaterial scaffolds.
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Table 2.3 Summary of vairous polymers tested for regeneration of the spinal cord. 2D, two-dimensional; 3D, three-dimensional; NSCs, neural stem cells; PC12,
pheochromocytoma cells; DRG, dorsal root ganglia; PA, Polyacrylamide; PLA poly(lactic acid); PLGA, poly(lactide-co-glycolide acid); PDMS, polydimethylsiloxane;
PLLA, poly(L-lactic acid); PCL, Poly(carpolactone); PES, Poly(ethersulfone); PEG, Poly(ethylene glycol); PVF, poly(vinylidene fluoride); rNSCs, rat hippocampusderived adult NSCs.

Material

Cell type

PA

PC12

PCL

neonatal rat DRG

PCL/gelatin

Neonatal mouse cerebellum Random and
C17.2 stem cells
aligned nanofibres

Enhanced differentiation and proliferation, supported
neurite outgrowth

PEG

PC12

Hydrogel

Extend neurites, promotion of aggregation

(GhasemiMobarakeh et al.,
2008)
(Dai et al., 1994)

PC12

Film

Increased neurite density on medium wettability

(Lee et al., 2003)

rNSCs

Electrospun
nanofibres

Higher degree of proliferation and cell spreading on
fibres with smaller diameter (< 300µm)

(Christopherson et
al., 2009)

Aligned nanofibres

Neurons survival and alignment

(Corey et al., 2008)

Aligned nanofibres

Increased neurite extension

(Nisbet et al., 2007)

Aligned nanofibres

Cell and neurite orientation along fibres

(Wang et al., 2009)

PES coated
with laminin
PLA

Primary sensory neuron,
Primary motor neuron
Murine embryonic cortical
neurons
chick DRGs, rat SCs

Type of scaffold

Findings

Reference

2D gel coated with
fironectin
Random and
aligned nanofibres

Increased number of neurites, branching and length
(102-104 Pa)

(Leach et al., 2007)

Fibre direction influences neurite outgrowth

(Xie et al., 2009)
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Table 2.3 Summary of vairous polymers tested for regeneration of the spinal cord (continued).

Material
PLA

Cell type
NSCs

hECS-derived neural
stem cells

PLA with
laminin
PLGA

Type of scaffold
Random and aligned nanofibres
with immobilised bFGF and EGF
through heparin
Random and aligned nanofibres
with immobilised bFGF and EGF
through heparin

Schwann cells, DRG

Micropatterned grooves

PC12

Electrospun random nanofibres

Murine embryonic
cortical neurons
SCs, rat mesenchymal
stem cells

Reference

Effect on cell orientation

(Yang et al., 2005)

Heparin promoted axon growth

(Lam et al.)

SCs promote neurite alignment,
outgrowth and neurite orientation
Longest neurites on blended lamininPLLA

(Miller et al., 2001)
(Koh et al., 2008)

Aligned nanofibres

Increased neurite extension

(Nisbet et al., 2007)

7-channel conduit

Cells attach, spread and proliferate

(He et al., 2009)

Cells attach and differentiate
Shear stress of 0.5 Pa resulted in most
aligned neurons

(Bini et al., 2006)

C17.2 nerve stem cells Random and aligned microfibres

PLGA with
hydrophobin II

Findings

PC12

Random microfibres

(Kim and Park, 2006)

rat Schwann cells

Scaffolds with controlled, parallelchannel architecture

Axon regeneration

(Moore et al., 2006)

Neural stem cells

Film

Promotes adhesion

(Li et al., 2009)
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Surface topography
Surface topography has been shown to be an effective tool to enhance neurite
outgrowth. Studies have been conducted using polymers of various chemical
compositions, which have been micropatterned to contain grooves of different
height, thickness and depth (Flemming et al., 1999, Fan et al., 2002b, Foley et al.,
2005, Brunetti et al., 2010). It has been established that smaller channel widths
(<100m) in PLGA are more effective than larger channels in neurite guidance and
result in longer neurite outgrowth and less secondary branching (Houchin-Ray et al.,
2007). Studies combining topographical features with others such as biochemical or
mechanical have demonstrated that the effect of topographical features seems to
be most influential on neurite outgrowth (Haq et al., 2006). But the topographical
effect can be supported, as controlled release of neurotrophic factors was shown to
increase the effect of optimal topographical conditions (Houchin-Ray et al., 2007),
especially when combining several neurotrophic factors, such as NGF and NT-3
which guided DRG a greater distance (12.5mm) compared to NGF alone (7.5mm)
(Cao and Schoichet, 1999). All these studies demonstrated that even small changes
to the surface of the scaffold can influence neurite behaviour and therefore
topography can be used to desigh scaffolds which affect direcional neurite
extention.
Conductivity
Research has also shown that electrical stimulation plays an important role in
cellular differentiation for several cell types. For example, piezoelectric materials
(i.e. materials that generate surface charge with small deformation) have been
shown to significantly increase neurite extensions, such as poly(vinylidene fluoride)
(PVDF) (Valentini et al., 1993, Makohliso et al., 1993), and poly(pyrrole) (Schmidt et
al., 1997). PLGA has been coated with poly(pyrrole) to increase its conductivity
which resulted in longer neurite extensions of PC12 cells (Lee et al., 2009).
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Bioactive molecules
The scaffold's ability to support cell attachment has to be considered when
designing an implant. Many polymers used in tissue engineering, such as PLGA, lack
natural adhesion sites thus have to be manipulated using hydrolysis, aminolysis,
blending and covalent attachment of adhesive peptides (Croll et al., 2004).
Modified poly(ethylene glycol) (PEG) polymers were shown to aid nerve
regeneration, as PC12 cells extend neurites on PEG hydrogel when Arg-Gly-Asp
(RGD), a cell adhesion motif, is covalently bound to the material (Dai et al., 1994,
Schmidt and Leach, 2003). This motif is recognised by integrins, homologous
transmembrane cell-ECM adhesion receptors which mediate cell attachment to
surrounding tissues (Tomaselli et al., 1987). The RGD amino acid sequence is part of
the integrin-interaction site of many ECM proteins. Other motifs that are recognised
by integrins are YIGSR, IKVAV and can be found in laminin, collagen-I, fibronectin
and vitronectin (Miceli et al., 1997).
Poly[N-(2-hydroxypropyl)methacrylamide] (pHPMA) hydrogel has been modified to
contain RGD and was shown to support tissue development within the injured rat
spinal cord (Woerly et al., 2001). PLGA films were coated with laminin, fibronectin
or collagen, demonstrating that coating is essential for neural cortical cells to
adhere and differentiate (Han et al., 2005). RGD was immobilized on various
biomaterials, including but not restricted to chitosan, PLGA and PLLA (Gunn et al.,
2005, Blewitt and Willits, 2007, Cooke et al., 2008, Mochizuki et al., 2007, Kim and
Park, 2006), as it was shown to promote adhesion and neurite outgrowth from
embryonic central, peripheral neurons and PC12 cells more efficiently than laminin
(O'Shea et al., 1991). Other amino acid sequences, such as Tyr-IIe-Gly-Ser-Arg
(YIGSR) and IIe-Lys-Val-Ala-Val (IKVAV) laminin derived penta-peptides, were shown
to promote PC12 cell attachment when grafted to dextran-coated surfaces (Massia
et al., 2004).
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Neurotrophic factors
Neurotrophic factors are proteins with various functions. They enhance neurite
outgrowth, proliferation, differentiation, axonal outgrowth and synaptic plasticity.
They contribute to neuronal survival and differentiation during development and
promote repair and recovery after injury to the CNS in the adult (Nomura et al.,
2006). Administration of neurotrophic factors, such as NT-3, NT-4/5, or BDNF, into
the injured spinal cord promotes regeneration and limits neuronal damage (Grill et
al., 1997) (Lu et al., 2005) (Himes et al., 2001). In combination with Schwann cells or
peripheral nerve, FGF-1, NT-3 or BDNF results in functional recovery due to
anatomical connectivity after rat spinal cord transection (Menei et al., 1998), (Lu et
al., 2005). Tubular PAN/PVC implants in combination with neurotrophic factors
(especially NT-3, BDNF, GDNF) and Schwann cells seeded inside the tubular implant
resulted in promising results in rat SCI model (Bunge, 2001). (Xu et al., 1997).

2.6 Conclusion
Over the past 20 years scaffold fabrication techniques have become more
sophisticated allowing tissue engineers to manipulate the design of the scaffold
down to nanometer level. The most promising scaffolds produced to date are
scaffolds manufactures by electrospinning and self-assembly. The advantage of selfassembling scaffolds lies within the delivery method, as the peptide solution is
injected into the site of injury using a syringe and self-assembles at the site of
injury, reducing further damage which may occur during implantation. On the
negative site, only random scaffolds can be produced using this method and only
specifically designed molecules can be used, limiting the application of this method.
The advantage of electrospinning is that various polymers can be electrospun into
desired nanofibres with highly porous structures, and random and aligned
nanofibres. Furthermore, by manipulating the settings, electrospinning can be used
to produce droplets of polymer, called electrospraying, in which drugs can easily be
incorporated, providing further applications for this method. Electrospinning has
also its limitations; including the challenge of producing aligned nanofibres in
tubular form resulting in a bigger implant, comparable to those produced using gas46
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foaming and solid-liquid phase separation techniques. In the future, the optimum
technique will be selected by time efficiency and low price in production and
physiological optimum parameters.
Tissue engineering has increased the potential for SCI repair, leading to partial
recovery in experimental SCI, still requiring more pre-clinical work for translation
into humans. To date, synthetic guidance scaffolds by themselves have been unable
to promote significant anatomical or functional recovery in SCI. Combinational
approaches combining biomaterials delivering growth factors and cells (Schwann
cells, OEG, stem cells) are the preferred strategy. However, various challenges
remain, concerning both biomaterials and stem cells. Non-biodegradable scaffolds
are not preferred as they do not degrade and remain at the site of injury.
Biodegradable scaffolds may collapse and prevent regeneration by creating
neuromas. On the positive side biodegradable scaffolds obviate the need for second
surgery, but require detailed degradation studies, optimising degradation time as
well as resulting in non-toxic products and be non-inflammatory. Despite the
remaining challenges, there is some hope that the combination of biomaterial, cells
and neurotrophic factors will result in functional repair of SCIs. The big questions
that remain to be solved are:
1. Optimum scaffold. A scaffold that fulfils all the required parameters has yet
to be developed including the question which modality is more beneficial
under which traumatic circumstances.
2. Delivery of any neuroprotective or regenerative agents. Delivery,
encapsulation, and release efficiency need to be further investigated.
3. Cell type. What type of cells can be successfully delivered to the site of injury
to achieve the best outcome? What delivery method is most efficient and
cell death preventative?
4. Timing of therapeutic interventions has still to be addressed.
All four parameters can influence each other and have to be investigated before
proceeding to human clinical trials. And although there are still limitations to the
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construction of the scaffolds, they can be used to investigate the points mentioned
above, facilitate understanding and open new possibilities for recovery after SCI.

2.7 Aims and objectives of the project
The focus of the research presented here will be points 1 and 2 as these are the
more fundamental questions of therapeutic interventions for spinal cord repair
where essential data is still missing.
This multidisciplinary project aims to develop a scaffold for spinal cord repair using
PLGA membranes as a guidance conduit for nerve regrowth and delivery of
bioactive chemicals to overcome the inhibitory signals found at the site of spinal
cord injury.
PLGA will be tested for its ability to support cell adhesion, proliferation and
differentiation of nerve cells. PLGA flat sheet membranes will be the starting point
for these tests. As well as being a physical support for cells, it will be established if
PLGA effects neurite outgrowth in a positive or negative way. If necessary, PLGA will
be treated with adhesive and neurite-promoting proteins such as laminin, or
chemically modified with the YIGSR laminin fragment to improve its
cytocompatibility.
In order to evaluate the PLGA scaffold, PC12 cells will be used as a model cell line.
These cells were chosen as parameters such as cell counts, increased cell numbers
and the increased length of neurites, are accepted as indicators of positive PC12 cell
response to presented scaffolds. Once attachment is established, PC12 cells will be
exposed to NGF in order to induce the neural phenotype and neurite outgrowth on
the surfaces will be analysed. For this analysis PC12 will be exposed to NGF for up to
seven days, after which their differentiation in terms of number of neurite bearing
cells and neurite outgrowth will be characterised.
In parallel with the work on flat sheet membranes, the project will focus on
investigating other scaffold producing methods, e.g. electrospinning, a method for
production of nanoscale fibres. Various parameters affecting electrospinning such
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as solution viscosity, polymer concentration, inner needle diameter and voltage will
be investigated. The produced scaffolds will be evaluated for their ability to support
PC12 cell attachment and differentiation as described above.
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3. MATERIALS AND METHODS
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3.1 Introduction
This chapter describes all methods used for the work carried out in this thesis. This
chapter is subdivided into three sections: experimental methods, analytical
methods and statistical analysis. A detailed list of materials can be found in the
appendix (A1).

3.2 Experimental methods
All experiments were conducted at room temperature (20C) unless otherwise
stated. A washing step describes the addition of PBS to a well and its immediate
aspiration.

3.2.1 Fabrication of PLGA films
Poly(lactic-co-glycolic acid) (PLGA) films were produced using a new method
adapted from (Sharon and Puleo, 2008). PLGA solution (50μl, 10% w/w in
dichloromethane and methanol (DCM:MeOH, [3:1]) was pipetted on to glass
coverslips (squares 18x18mm, circle 13mm diameter) and allowed to air dry for 30
min and then vacuum dried overnight, both at 20C. This allows a quick production
of films with uniform surfaces. Surface roughness of films was analysed using
atomic force microscopy (AFM) in the tapping mode (see 3.3.8).

3.2.2 Fabrication of PLGA flat sheet membranes
Biodegradable porous membranes were produced using the immersion
precipitation method. 1-methyl-2-pyrrolidinone (NMP) was used as solvent whereas
dH2O was used as non-solvent. PLGA was dissolved in NMP at a concentration of
20% w/w and left to dissolve on a rotating drum at 80rpm for 24 hours. The
polymer solution was poured onto a 15x25cm glass support and flattened out using
a glass rod, controlling the thickness (200μm) with guide wires. The polymer
solution was immersed in distilled water (enough water to cover the glass support
with polymer solution, usually 500-1000ml) for 2-3 min. The resulting membrane
was lifted off the glass support and left in 500–1000ml distilled water for two days,
changing the water twice a day.
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3.2.3 Electrospinning
PLGA nanofibres were produced using electrospinning. Polymer solution was
prepared by dissolving PLGA in several solvents at a concentration of 10% w/w,
including dimethylformamide (DMF), tetrahydrofuran (THF), DMF and THF at ratios
3:1 and 1:1, isopropanol (Meng et al., 2007), dichloromethane (DCM) (Nie et al.,
2009), chloroform (CHCl3) and methanol (MeOH) at ratio 3:1 and NMP, which was
previously used for fabrication of PLGA flat sheet membranes (Ellis and Chaudhuri,
2008). From each solution, 5ml was transferred into a 10ml Hamilton glass syringe
fitted with a needle, which was controlled by a syringe pump at a feeding rate of
0.5-5ml/h. The feeding rate was chosen based on experience with the setup,
favouring slower feeding rates, as it was shown to result in decreased fibre
diameter and a less broad diameter distribution. The distance between the needle
tip and the collector, was adjusted to 11cm.

Cling film

Figure 3.1 Electrospinning set up for production of aligned fibres.

For collecting random fibres, aluminium foil was used as collector. In order to
produce aligned fibres the aluminium foil was replaced by two aluminium rods
covered with cling film (Fig 3.1). A high voltage of 15kV was applied to the needle by
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a voltage regulated power supply. The resulting fibre mats were placed in a
desiccator for at least 24 h or until use.

3.2.4 Preparation of emulsions for electrospinning
In order to incorporate poly-L-lysine (PLL) into the electrospun nanofibres,
emulsions were prepared as follows. A 10% w/w PLGA solution was prepared in
CHCl3:MeOH (3:1). The aqueous solution, consisting of dH2O in which the substance
of interest was dissolved, was added drop-by-drop (drop volume of 50µl) to the
PLGA solution under constant stirring at 750rpm to ensure thorough mixing of the
aqueous solution, to a final ratio of 1 part water phase to 18 parts of organic phase.
The solutions was rigorously stirred at 750rpm for a minimum of 10 min, vortexed,
pipetted into the syringe and electrospun as quickly as possible avoiding separation
of the two phases. For samples produced using a surfactant, 50l of Span80 were
added to the electrospinning solution, and stirred thoroughly at 750rpm. For
fluorescent nanofibres the aqueous phase consisted of 1.1mg/ml PLL and 42µg/ml
PLL-FITC in water/oil phase ratio 1/18. For non-fluorescent PLGA-PLL nanofibres
PLL-FITC was not added.

3.2.5 Surface modification
Prior to surface modification samples of PLGA flat sheet membranes were cut into
round pieces with a diameter of 21mm. The cut samples were placed in 12 well
plates and retained at the bottom well with silicon rings. The standard volume of
substances added to 12 well plates was set at 1.5ml. For surface modification
sodium hydroxide (NaOH) (0.05M, 0.1M and 0.2M) in dH2O or ethylenediamine
(EDA) (0.1%, 0.2% and 0.5%) in propanol were added to the samples and incubated
for 15 min, followed by two washes with PBS. Aminolysed films were used for cell
culture without further modification. Hydrolyzed PLGA films and membranes were
treated with 0.05mM NaOH for 15 min, washed with PBS and incubated in freshly
made

solution

hydrochloride

of

(EDC)

10mM
and

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

5mM

N-Hydroxysuccinimide

(NHS)

in

2-(N-

morpholino)ethanesulfonic acid (MES) buffer (pH 6.5) for 30 min. After a further
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wash with PBS, the polymer was incubated with 1ml of YIGSR-peptide solution
(100μg/ml) for 24 hours. Treated films were washed twice with PBS.

3.2.6 Ozone surface treatment
PLGA flat sheet membranes were treated with ozone in order to induce peroxide
formation on the membrane’s surface (Ho et al., 2007). PLGA flat sheet membranes
were cut into 1.5x1.5cm squares and suspended in 20ml of dH 2O, where a stream of
ozone and oxygen (O3/O2) mixture was bubbled through continuously. The O3/O2
mixture was generated by passing oxygen gas through the ozone generator. The
operating conditions were set at room temperature at 5ml/h oxygen flow rate,
variable control at 10 resulting in ozone production of 8.5gm/h or 50mg/l. The
membranes were exposed to ozone for 10, 30, 60, 120, 180 and 240 min at 20C.
Water contact angle measurements was used to analyse the treated flat sheet
membranes.

3.2.7 Cell culture
The PC12 cell line was used for all cellular experiments. Cell culture work was
performed under sterile conditions in Class II microbiological safety cabinets. PC12
cells were maintained in tissue culture flasks coated with 0.01% PLL in PBS and
RPMI 1640 medium, which was supplemented with 1mM sodium pyruvate, 1%
antibiotic/antimycotic solution and 10% foetal calf serum (FCS). Cells were grown in
incubators in a humid atmosphere at 37C and 5% CO2. For subcultivation, after
reaching 75% confluence, cells were detached from 75cm2 flasks by addition of 3ml
0.25% trypsin/0.1g/l EDTA. Detachment was observed under the microscope and
after maximum 15 min 9ml of cell culture medium was added, the mixture was
collected, placed in a tube and centrifuged for 4 min at 1500rpm. After
centrifugation, the cell pellet was resuspended in 2ml fresh culture medium and cell
density was established using a haemocytometer. Then cells were pipetted back
into 75cm2 flasks, which contained 10ml of fresh culture medium and was
precoated with 0.01% PLL, or seeded onto the PLGA scaffolds at a density of 3x10 5
cells cm-2.
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3.2.8 NGF induced differentiation of PC12 cells
For differentiation, PC12 cells were exposed to differentiation medium. For this the
RPMI 1640 medium was supplemented with 1mM sodium pyruvate, 1%
antibiotic/antimycotic solution, 1% FCS and 40ng/ml NGF. The cells were
differentiated for up to 7 days. Medium was removed and replaced with fresh
medium every second day.

3.3 Analytical methods
This section describes the methods used for analysis of experiments described in
section 3.2. The analytical methods include the analysis of the scaffold, cell culture
experiments and microscopy.

3.2.1 Viscosity of PLGA solutions
The viscosity of PLGA solutions was measured using a Rheometer (Bohlin, C-VOR). A
cone with 40mm diameter and 4 angle was used. Shear stresses between 0.5-10
(force/area) were applied with a delay of 10 s and an integration time of 10 s.

3.3.2 Wettability of scaffolds
For water contact angle measurements, 300µl of polymer solution was electrospun
onto glass cover slips of 13mm diameter which were placed on top of the
aluminium foil. Flat sheet membranes were cut into 1x1cm squares and fixed on
glass slides using tape. The glass cover slips and glass slides were placed onto the
testing plate. Subsequently, a 5µl droplet of distilled water was deposited carefully
onto the specimens. The water contact angles between water and electrospun fibre
mats were measured using photos taken at various time periods (0, 30, and 60 s).
The images were analysed using ImageJ (obtained from http://rsbweb.nih.gov/ij/)
plug-in drop_analysis (obtained from http://bigwww.epfl.ch/demo/dropanalysis/).
The output window provided data about the contact angle, drop volume (mm 3),
surface of contact (mm2) and drop surface (mm2). Nine measurements of each
sample were carefully conducted while placing the droplet in different places on the
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surface of the samples. The reported values were mean value with the error bar
representing the standard error of the mean.

3.3.3 Quantification of nanofibre alignment
For fibre alignment measurement phase contrast images were taken digitally using
a microscope and analysed using Fast Fourier Transform (FFT) and Oval Profile plugin in ImageJ (Alexander et al., 2006). The FFT output reflects the degree of fibre
alignment present in the selected area. The pixel intensity of the FFT image is
summed along a straight line radiating at the angle, from the centre to the edge of
the image. A graphical representation of the alignment is obtained by plotting the
summed pixel intensity. A totally random picture would result in constant pixel
intensity independent of direction, which would be plotted as a horizontal line. On
the contrary, an image that is perfectly aligned in one direction would have higher
intensity in that direction, resulting in peaks. FFT analysis of 6 randomly selected
images (512x512 pixels) gave information about gross image orientation in form of
pixel intensity.

3.3.4 Vybrant CFDA SE cell tracker
Prior to use, a 10mM CFDA SE stock solution in high-quality DMSO was prepared.
The stock solution was diluted in PBS to obtain a 5μM working solution. The cells
were stained in suspension. A cell pellet was resuspended in pre-warmed (37C)
CFDA SE working solution. After an incubation of 15 min at 37C, the cells were repelleted by centrifugation (4 min, 1500rpm) and resuspended in 2ml fresh prewarmed medium (37C). To ensure complete modification, the cells were incubated
for another 30 min at 37C. Stained cells were seeded on PLGA and left to attach for
4 h. For fixation, the cells were washed with PBS (1.5ml in 12 well plates) and fixed
in formalin (1.5ml in 12 well plates) for 15min. After a final wash with PBS the cells
were analyzed by fluorescence microscopy using a standard fluorescein filter sets.

3.3.5 Quantification of cell attachment
The PicoGreen Quant –iTTM PicoGreen dsDNA kit allowed the detection of double
stranded DNA using an ultrasensitive fluorescent nucleic acid stain and was used
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according to the manufactures instructions. For extraction of DNA 1ml of TE buffer
(10mM Tris-HCl, 1mM EDTA, pH 7.5) was added to each well, frozen down to -80C
for a minimum of two hours or until analysis. To thaw, the samples were heated up
to 37C for one hour. When completely thawed, TE buffer was pipetted up and
down to allow thorough mixing. 1ml of the aqueous working solution of the QuantiT PicoGreen reagent was added to each sample incubated for 2-5 min at room
temperature and protected from light. After incubation the fluorescence of the
samples was measured using a fluorescence microplate reader at standard
fluorescein wavelengths (excitation ~480nm, emission ~520nm). The concentration
of the DNA sample was established using the standard curve.

3.3.6 Quantification of cell survival
Live/Dead staining was performed to visualise the fraction of cells in a cell
population that were viable or non-viable. For this 1mg/ml Hoechst (stains the DNA
in the nuclei) in dH2O, 4mM calcein acetoxymethyl (AM) (green = viable), 2mM
ethidium homodimer (red = non-viable) were mixed into cell culture medium at a
dilution of 1/200 for calcein AM and ethidium homodimer and 1/400 for Hoechst.
This medium was added to the samples, usually cells that are seeded on tissue
culture plastic (TCP) or polymer samples, and incubated at 37C for 20-30 min. The
incubation step was followed by a wash with PBS and a fixation step in 10% formalin
for 20 min. After one washing step, fresh PBS was added and samples were
analysed under a fluorescence microscope, using excitation 495nm and emission at
515nm for calcein AM, for ethidium homodimer excitation 530-585nm and emission
615nm and for Hoechst excitation 346nm and emission 460nm.

3.3.7 Neurite characterisation
Number of neurites per cell, neurite length and neurite alignment were measured
using ImageJ software. Analysis was performed on cells which were exposed to NGF
for 7 days, then fixed and stained as described in section 3.3.6. For this a minimum
of 30 images of cells stained with Hoechst, calcein AM and ethidium homodimer
were recorded. Four sets of images were taken, a phase contrast image and three
fluorescent images visualising the three stains.
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Number of neurites per cell was recorded by counting all cells per image and then
counting all neurite bearing cells, where a neurite was considered when it was
longer than the cell body diameter. Counting was performed using CellCounter
plug-in for ImageJ.
Neurite length was analysed using the tool “Straight Line” in ImageJ. Before starting
the analysis the scale for the image was set, using the image acquisition parameter
from the microscope. Then the “Straight Line” tool was selected and a line was
drawn along the visible neurite. In cases of non-straight neurite outgrowth the
“Straight Lines” tool was replaced with the “Segmented Lines” tool. The data was
collected using the Analyse plug-in, where the option “Measure And Label” was
selected. For angle measurements the “Straight Line” tool was used starting at the
cell body and drawing a line to the end of the longest branch of the neurite.
When using the “Straight Lines” tool in combination with the “Measure And Label”
tool, the output gave not only the neurite length but also the angle of the neurite
(Fig 3.2). This was used for measuring neurite alignment along electrospun fibres.
For this the orientation of the fibres was set as zero, the image was rotated
accordingly. Images of cells on random fibres were not rotated as no directional
dominance was present. The negative and positive data was summarized and
presented as positive data only as there was no difference between the two. Cells
with neurites extending beyond the boundary of the image were excluded from the
data.
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Figure 3.2 Neurite characterisation. (A) Model of obtained image for analysis. (B) Arrows indicate
the angle of neurite outgrowth measurement; the cell body is the starting point of measurements.
Nanofibres and cells are not to scale.

3.3.8 Atomic force microscopy (AFM)
PLGA films were analysed using AFM (Digital Instruments nanoscope IIIA) as follows.
Tapping mode was performed in ambient air using a laser incorporated Nanoscope
III SPM (wavelength 670nm, maximum power 1mW) from Veeco Instruments, Inc. A
J-scanner was used with a maximum 125x125μm2 x–y scan range, with a 512x512
pixels recorded for each image. On each sample, a series of areas (n=3) were
recorded in tapping mode.

3.3.9 Scanning electron microscopy (SEM)
The morphology of electrospun PLGA scaffolds as well as the morphology of cells
seeded onto the scaffolds were studied by SEM (JEOL, JSM-6480LV). Prior to SEM,
scaffolds were gold coated using a sputter coater (Edwards Sputter Coater 5150B).
Preparation of cultured cells for SEM started with replacing culture medium with
wash medium (normal strength culture medium without serum). Wash medium was
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removed and replaced with 2.5% glutaraldehyde (GDA) in normal strength medium
and fixed for 2 h at 37C. After fixation the samples were washed with wash
medium three times and postfixed with aqueous 1% osmium tetroxide for 1 h in the
fume hood at 20C. This was followed by three washes with distilled water and
staining with filtered 2% aqueous uranyl acetate for 1 h in the dark. The samples
were washed three times and freeze-dried overnight. The freeze dried samples
were gold coated just before the SEM session.

3.3.10 Fluorescence and Light Microscopy
All cell morphology analysis was observed and recorded using a Leica microscope
(Leica DMI 4000B). Pictures of aligned electrospun fibres were recorded using the
same microscope.

3.4 Data analysis and Statistics
All collected data was analysed using Microsoft Excel. The data presented in this
study is expressed as mean  standard error of mean (SEM). Each parameter was
conducted with a minimum of three samples (n=3). The statistical significance
between two sets of data was calculated using Student’s t-test. Differences were
considered to be significant when a P value of 0.05 or less was obtained, with
*denoting P < 0.05, ** denoting P < 0.01 and *** denoting P < 0.001.
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4. POLY(LACTIC-CO-GLYCOLIC ACID) - A
SUITABLE BIOMATERIAL FOR NERVE
REGENERATION?
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4.1 Introduction
In an effort to study the suitability of PLGA for neuronal applications, experiments
were conducted to assess the polymer’s ability to support neural cell attachment,
proliferation and differentiation. PC12 cells were used as a model cell line for neural
differentiation. The use of flat sheet membranes allowed testing the interaction
between polymer and cells on a 2D surface, which previously has been proven
efficient for human bone derived cells (Ellis and Chaudhuri, 2008).
PLGA flat sheet membranes were produced by phase inversion where precipitation
of the polymer results from the movement of the solvent into a non-solvent. The
membrane structure is determined by the rate and mechanism of precipitation
(Mulder 1992). The roughness of the asymmetric flat sheet membrane was analysed
using AFM, as this factor has previously been shown to play a major role in cell
attachment (Fan et al., 2002a).
Surface modification has been widely used to improve polymer hydrophilicity, thus
potentially increasing the bioactivity of the polymer. Increased hydrophilicity is due
to the introduction of highly polar groups (e.g. hydroxyl, carboxyl, or amine) on the
surface of the polymer to which the cells can attach. Low hydrophilic surface
characteristics were shown to result in lower cell attachment compared to highly
hydrophilic surfaces for neuronal cells (Park et al., 2008). The experiments
conducted include surface treatment with ethylenediamine (EDA), peptide
modification, and ozonation. These treatments have been previously used (Cao et
al., 2004) and were applied to PLGA flat sheet membranes in the studies presented
here.

4.2 Seeding efficiency of PC12s on PLGA flat sheet membranes
In order to assess PLGA as a scaffold material, PC12 cells were seeded onto flat
sheet membranes and cell attachment was compared to membranes coated with
poly-L-lysine (PLL), or tissue culture plastic (TCP) coated with PLL.
The results show that PC12 cells attached to PLGA flat sheet membranes, but in low
numbers (Fig 4.1). On untreated PLGA, 207% of seeded cells attached to the
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polymer, on PLGA coated with PLL 2314% of seeded cells attached, and on TCP-PLL
6912% of cells attached to the surface. Cell attachment numbers for PLGA and
PLGA coated with PLL samples were not significantly different from each other
(P>0.05), implying that coating with PLL did not have a positive effect on cell
attachment. This data shows that attachment to PLGA flat sheet membranes is very
low, less than 30% of seeded cells attached to the polymer. Cell numbers were
counted using a haemocytometer, a method used for determining the
concentration of cells in a suspension. For this, the number of cell in suspension as
well as the number of cells attached, which were detached prior to counting using
trypsin/EDTA, were counted. Here, only the numbers attached are presented. It was
possible that using the haemocytometer the cell number count was not accurate as
cells had to be detached from the surface. This was avoided by thorough washing of
wells and control under the microscope to assure no cells remained in the well.
Furthermore, this experiment was repeated with PC12 cells stained with Vybrant
CFDA SE cell tracker and PLGA flat sheet membranes were analysed under a
fluorescent microscope to assure all cells were detached from the flat sheet
membranes. Nevertheless the error bars could not be reduced.
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Figure 4.1 Attachment of PC12 cells to PLGA flat sheet membranes 4h after seeding. PC12 cells
attachment to PLGA, PLGA coated with PLL and TCP coated with PLL (positive control) (TCP: tissue
culture plastic, PLL: poly-L-lysine). Numbers are represented in number of cells attached in percent
compared to the number of cells seeded (100%). Data represent the mean  SEM (n=4) and were
analysed using Student’s t-test. *** P<0.001.
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PC12 cells can form aggregates in suspension and on the polymer’s surfaces making
the creation of a single cell suspension a challenge. It is possible that the seeded cell
number was not as accurate as expected, though cell suspension was controlled
using the haemocytometer and a sufficient number of experiments was conducted.
No increase in cell numbers attaching to PLGA after coating with PLL can be
explained with the lack of charges on the surface of PLGA. The positively charged
PLL cannot bind to any charges on the PLGA surface and is likely to be washed off. In
order for PLL to be efficient in increasing cell attachment the surface of PLGA needs
to be modified in order to introduce negative surface charges.
The lack of interaction between PC12 cell and PLGA may be cell specific as other
cells have been shown to attach to PLGA in higher numbers. Ellis and colleagues
have shown that 75% of the initially seeded immortalised osteogenic 560pZIP.neo
cells attach to PLGA flat sheet membrane (Ellis and Chaudhuri, 2007), which is three
times more efficient than what was achieved with PC12s. Human bone derived cells
also attach to PLGA flat sheet membranes with an efficiency of 65% (Ellis and
Chaudhuri, 2008), which is also higher compared to 207% of seeded PC12 cells.
Park and colleagues have shown that Schwann cells and olfactory ensheathing cells
(OECs) attached to PLGA films (Park et al., 2008). As the size of the PLGA film was
not mentioned in their publication, quantification of attachment efficiency and thus
comparison with the work presented here is not possible. Other studies focused on
cell attachment to PLGA microspheres, showing how for example undifferentiated
mouse type cell line P19 cells attach to PLGA microspheres (Nojehdehian et al.). The
efficiency of cell attachment was not clearly demonstrated in this recent publication
thus it is difficult to compare it to the results here, but it demonstrates that PLGA as
a polymer is of high interest in tissue engineering research. An additional interesting
observation was made when these microspheres were coated with PLL. The coating
with PLL resulted in higher cell number attaching to the coated microspheres
compared to non-coated (Nojehdehian et al.). This effect was not observed when
PLGA flat sheet membranes were coated with PLL (Fig 4.1). PLGA microspheres
produced by Nojehdehian and colleagues were loaded with retinoic acid which was
gradually released into the medium. As PLGA microspheres without retinoic acid
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were not included in the controls the effect of retinoic acid on PLL may only be
suspected and needs further investigation. A study by He and co-workers presented
qualitative data of rat Schwann cells attaching to the lumen of PLGA multiplechannel conduits supporting the use of PLGA for nerve tissue engineering and
proving its biocompatibility after implantation into rat spinal cords (He et al., 2009).
Quantitative cell adhesion data was not presented and cannot be compared to cell
adhesion data here. A study published by Valmikinathan and co-workers describes
the attachment of rat Schwann cells to a PLGA microsphere-based spiral scaffold
with a nanofibrous surface (Valmikinathan et al., 2008). Unfotunately, this
publication does not list any cell attachment numbers but absorbance data
obtained from MTS experiments, demonstrating increased absorbance at 490 nm
after 4 days of incubation.
All things considered, PC12 cells attach to PLGA flat sheet membranes but in low
numbers in comparison to the literature. In order to increase cell attachment
efficiency various surface modification methods were performed and evaluated.

4.3 Aminolysis
Aminolysis is a technique which is used in the textile industry to improve wettability
and dyeability of synthetic polyesters (Wei and Gu, 2001). It has also been applied
for tissue engineering in order to modify polymer surfaces (Zhu et al., 2002). The
advantage of using aminolysis as a modification method are the resulting amine
groups on PLGA films, which provide a stable pH environment during degradation as
opposed to modification with magnesium hydroxide (Houchin et al., 2007). Here, a
low number of seeded cells attached to non-modified PLGA (Fig 4.1), thus the
polymer’s surface was modified in order to achieve higher adhesion efficiencies.
The aim of surface modification using ethylenediamine (EDA) is to introduce
primary and secondary amine groups to the surface of the polymer, as PLGA does
not possess any functional groups for attachment of biologically active molecules.
Theoretically, after modification, cells seeded onto the polymer are more likely to
attach to the presented amine groups.
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On untreated PLGA, 20±7% of seeded PC12s attached (Fig 4.2). PLGA treated with
propanol and EDA dissolved in propanol did not provide a more favourable surface
for cell attachment resulting in low attachment of 23±12%, 19±14%, 10±10% and
9±6% on PLGA treated with propanol, 0.1% EDA, 0.2% EDA and 0.5% EDA,
respectively. Statistical analysis of the results revealed that cell attachment to TCPPLL was significantly higher compared to non-treated and treated PLGA (P<0.01)
and attachment to PLGA treated with 0.5% EDA was significantly lower compared to
PLGA (P<0.05). These results suggest that the introduction of amine groups was not
successful or the number of groups introduced was not high enough to result in
higher cell attachment of PC12s. Plus, it appears that treatment with 0.5% EDA did
prevent cell attachment.
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Figure 4.2 EDA modification of PLGA flat sheet membranes does not promote cell attachment.
PC12 cell attachment to PLGA treated with propanol, 0.1%, 0.2% and 0.5% EDA. Data represent the
mean  SEM (n=3) and was analysed using Student’s t-test. * P<0.05, **P<0.01.

Propanol, similar to ethanol, can act as adhesive which can lead to coglutination of
the polymer and consequently to loss of surface structure and surface chemistry
inhibiting cell attachment. The question is then, why only the highest EDA
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concentration sample resulted in lower cell attachment as propanol was used on its
own and as solvent for other EDA concentrations. Thus EDA is likely to be
responsible for significantly lower cell attachment at a concentration of 0.5% but
not at lower concentrations.
Other proteins present in the medium, e.g. components of the FCS, may have a
higher affinity for the amine groups compared to PC12 cells, thus blocking the
polymer from the cells. Fibronectin and vitronectin are most abundant cell
attachment proteins in the FCS (Hayman et al., 1985) and their influence on PC12
attachment behaviour is an interesting point to investigate.
In order to confirm the success of aminolysis, Zhu and colleagues used rhodamin B
isothiocyanate (RBITC) to label the amino groups on the aminolysed PCL followed by
the ninhydrin analysis method to quantitatively detect the amount of NH 2 groups
on the polymer’s surface (Zhu et al., 2002). This quantification was not applied here
as in the end aminolysis was intended to increase cell attachment. As the presence
of amine groups on PLGA flat sheet membranes was not performed two conclusions
can be drawn, either the modification worked but did not result in higher cell
attachment or the modification did not work and thus did not result in higher cell
attachment. But some sort of reaction took place as the highest EDA concentration
resulted in the lowest cell number attaching. Either way cell attachment was not
increased and requires further investigation as to which scenario is correct. For this,
other treatment methods such as plasma treatment can be investigated and the use
of other amine precursors can be attempted.
Aminolysis has previously been shown to be an effective surface modification
method (Croll et al., 2004, Djordjevic et al., 2008). Nevertheless cell culture studies
were not conducted on those surfaces making this the first report describing cell
culture studies for aminolysed PLGA flat sheet membranes.
One report supports our findings; Zhu and co-workers modified polycaprolactone
membranes using aminolysis (Zhu et al., 2002). They observed that attachment of
fibroblasts was not improved but they found that proliferation was improved by
10% compared to non-treated membranes. Nonetheless the extent of proliferation
was small compared to TCP (up to 70%). These publications show that aminolysis is
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a promising technique. However, modification of PLGA flat sheet membranes did
not result in higher cell attachment and remained below numbers of cells attaching
to TCP. As there was no increase in the cell numbers attaching, aminolysis was
excluded from further investigation.

4.4 Peptide modification
The aim of peptide modification is to introduce peptide groups to a polymer’s
surface, for example laminin fragments, in order to increase the biocompatibility of
the polymer. The method described here results in peptides attached to the
polymer via covalent bonds. Aqueous carbodiimide chemistry uses 1-Ethyl-3-(3dimethyl-aminopropyl)carbodiimide

hydrochloride

(EDC)

as

a

zero-carbon-

crosslinker, which reacts with carboxylic acid groups to form an O-acylisourea
intermediate which is replaced by a primary animo group. The amino group forms a
peptide bond with the original carboxyl group and an EDC by-product is released as
soluble urea derivative. N-hydroxysuccinimide (NHS) is introduced to improve the
efficiency of the reaction. EDC couples NHS to carboxyls which results in formation
of an NHS ester which is more stable than the O-acylisourea intermediate and more
efficient at physiological pH (Thermo Fischer Scientific Inc, 2011). Selfpolymerisation cannot happen in this system as there are only surface immobilised
activated carboxylic acids which react only with free amine groups present in the
peptides the polymer was incubated with. Figure 4.3 illustrates the peptide
immobilisation process. This method has been used to immobilise peptides on for
example alginate (Dhoot et al., 2004), chitosan (Yu et al., 2007) and PCL (Santiago et
al., 2006).
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Hydrolysis

Figure 4.3 Schematic representation of hydrolysis and further immobilization of biomolecules on
PLGA.
EDC,
1-Ethyl-3-(3-dimethyl-aminopropyl)carbodiimide,
hydrochloride;
NHS,
NHydroxysuccinimide.

For the results presented in this chapter, PLGA flat sheet membranes were modified
in order to attach YIGSR-peptide groups to the surface. This peptide sequence was
chosen due to its characteristics of mediating neural cell attachment and migration
(Massia et al., 1993, Ranieri et al., 1994, Dhoot et al., 2004, Santiago et al., 2006).
As the results show in figure 4.4 207% of seeded cells attached to the nonmodified surface and 146% of seeded cells attached to the modified surface. Using
Student’s t-test, no significant difference in cell attachment was observed between
non-treated and treated PLGA flat sheet membranes (P>0.05). Thua, peptide
modification did not result in higher cell attachment as anticipated and previously
reported.
From the experiment conducted here it is not clear whether the peptide
modification has been successful or not as analysis of the modified surface was not
performed. The cell attachment numbers did not increase indicating the latter but
further confirmation of the modification is necessary. Confirmation can be
performed using for example the BCA protein assay in order to measure the amount
of protein. Furthermore, X-ray photoelectron spectroscopy (XPS) can be used to
characterise the surface chemical changes of the flat sheet membranes before and
after peptide modification.
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Figure 4.4 Peptide modification does not affect cell attachment. PC12 cell attachment to nonmodified and modified PLGA flat sheet membranes. Peptide modification does not result in higher
cell numbers attaching to the modified surface. Data represent the mean  SEM (n=3) and was
analysed using Student’s t-test. *** P<0.001.

This experiment investigated one laminin fragment, the YIGSR peptide, and its
effect on cell attachment after immobilisation on PLGA. There are indications that
cells attach differently to different laminin fragments (Santiago et al., 2006).
Although this penta-peptide laminin sequence has been shown to mediate cell
attachment and migration (Massia et al., 1993), it is important to test various
laminin fragments to find the one most suitable for each cell line. Santiago and coworkers seeded human adipose cells onto PCL scaffolds showing a significantly
higher cell attachment to modified surfaces compared to non-modified ones. They
also presented some evidence that other laminin sequences such as IKVAV are
more likely to result in higher cell adhesion (Santiago et al., 2006). Dhoot and
colleagues attached the YIGSR laminin sequence to alginate prior to gel formation
resulting in five-fold increase in cell attachment and higher rate of differentiation of
NB2a neuroblastoma cells (Dhoot et al., 2004). Yu and colleagues modified chitosan
with the peptide sequences GQAASIKVAV and GDPGYIGSR which resulted in higher
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cell attachment of rat superior cervical ganglion neurons (Yu et al., 2007). Ranieri
and colleagues have attached the IKVAV laminin sequence to fluorinated ethylene
propylene (FET). Although quantitative cell attachment data was not presented the
qualitative data clearly demonstrated the selective cell attachment behaviour of
PC12 cells as the cells remained exclusively attached to the 300 m wide peptide
pathways (Ranieri et al., 1994).
The sole publication on PLGA modification with laminin was published by Huang
and co-workers, where laminin-PLGA films were produced using oxygen plasma
treatment (Huang et al., 2007). Although it was shown that laminin was successfully
grafted on PLGA films, no cell attachment data was presented making comparison
of cell attachment impossible.
Generally, there are not sufficient publications present in the literature that can be
compared to the data presented here, as either a different polymer is used or no
cell attachment data is published. Peptide modification here did not result in higher
cell attachment and was excluded from further investigation. It is clear that more
research into grafting methods is necessary in order to facilitate the use of various
protein sequences.

4.5 Characterization of PLGA flat sheet membranes
Unfortunately surface modifications did not have a positive effect on cell
attachment. To ensure that the characteristics of the PLGA flat sheet membranes
were not compromised its surface was analysed. AFM was performed to evaluate
the effect of surface modification on roughness of flat sheet membrane.
PLGA flat sheet membranes were treated with 0.2M NaOH, 0.5% EDA or ethanol.
Analysis with an AFM in the tapping mode revealed that the surface treated with
NaOH was the roughest surface with an arithmetic average of the absolute values of
the surface being Ra=11.262.36nm and a maximal vertical distance between the
highest and lowest data points of Rmax=108.7017.58nm (Table 4.1). This was also
confirmed by 3D root mean square (RMS) height mode images, which were
obtained by using an oscillating tip that “taps” the surface (Fig 4.5). The smoothest
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surface was the non-treated one with Ra=0.180.01nm and Rmax=3.371.27nm. As
ethanol was used to sterilize the films, its effect on surface modification was also
analysed with AFM, showing a similar roughness as surfaces treated with EDA
(Table 4.1). Statistical analysis confirmed that treatment with 70% ethanol, 5% EDA
and 0.2M NaOH increased surface roughness as Ra and Rmax were significantly higher
compared to non-treated PLGA flat sheet membranes (P<0.05). The results show
that NaOH treatment resulted in a 8-10 fold increase in surface roughness to the
extent that with prolonged exposure to NaOH the polymer sample degraded
completely, making NaOH treatment the most invasive of the three.
An optimum surface roughness of Ra=20-100nm, a much higher value than was
achieve for PLGA here, has been established for silicon and was shown to promote
cell adhesion and longevity of rat cortical neurons (Khan et al., 2005), which is much
higher than was achieved for PLGA here. In order to increase the surface roughness
to the extent it was done for silicon the polymer has to be exposed to more invasive
treatments, which would result in the polymer’s degradation and would affect its
mechanical strength making it unusable in cell culture studies. Fan and co-workers
have established an average surface roughness of 20–70nm for silicon wafers which
significantly affected adhesion and viability of central neural cells (substantia nigra)
(Fan et al., 2002a) which overlaps with data published by Kahn and colleagues (Khan
et al., 2005).

Table 4.1 Roughness of PLGA flat sheet membranes. Ra= the arithmetic average of the absolute
values of the surface height deviations measured from the mean plane; R max = maximum vertical
distance between the highest and lowest data points in the image; Data represent the mean  SD
(n=3).

Ra (nm)

Rmax (nm)

No treatment

0.18  0.01

3.37  1.27

70% EtOH

1.12  0.29

12.06  1.99

5% EDA

1.47  0.06

15.10  0.90

0.2M NaOH

11.26  2.36

108.70  17.58
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Figure 4.5 Roughness of PLGA films. Images of PLGA films were obtained by atomic force
microscopy (AFM). Roughness of (A) PLGA non treated membrane, (B) 70% ethanol for 15 min, (C)
0.2M NaOH, (D) 0.5% EDA. EDA, ethylenediamine; NaOH, sodium hydroxide.

The highest value for surface roughness obtained here was 11.262.36nm after
NaOH treatment, which is below the minimum of 20nm established by Kahn and
Fan and therefore, the surface of PLGA flat sheet membranes might not be optimal
for cell adhesion. Brunetti and co-workers have investigated the response of the
human neuroblastoma cell line (SH-SY5Y) to gold surfaces with different levels of
roughness, demonstrating very high sensitivity to nanoscale features (Brunetti et
al., 2010). Contrarily to Fan and Khan, Brunetti and co-workers observed a decrease
in cell adhesion with increased surface roughness (Ra from 36 to 100nm), with 1015% of cells attached but 90–95% underwent necrosis at Ra of 80–100nm and at Ra
of 36nm approximately 50% of adherent cells underwent necrosis. But again, the
surface roughness range investigated by Brunetti was higher than the surface
roughness achieved here.
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Characterisation of surface roughness revealed that all treatments (EtOH, EDA,
NaOH) significantly increased surface roughness, showing that all surface
treatments changed the characteristics of the PLGA films. Unfortunately the
increased surface roughness did not have an effect on cell attachment as neither
EDA (section 4.3) nor NaOH treatment (section 4.4) of PLGA flat sheet membranes
yielded higher cell densities indicating that the surface roughness achieved was supoptimal to promote attachment of PC12s.

4.6 Ozone treatment
The final surface modification included exposure of the flat sheet membrane to
ozone. Ozone was used because it is inexpensive and uniformly introduces
peroxides on the surface of the polymer (Fujimoto et al., 1993). The effect of the
ozonation procedure on the polymer was measured by evaluating water contact
angle, drop volume, surface of contact and drop surface.
The contact angles in table 4.2 and figure 4.6 show that exposure to ozone resulted
in insignificant changes in contact angle compared to untreated PLGA. The contact
angles ranged from 76.61±2.06 when exposed to ozone for 60 min to
67.62±5.91 after exposure to ozone for 180 min. On average, the contact angle
was 73.05±3.90. Although this observation was surprising, other reports show
that ozonation does not always results in contact angle decrease. For example, Suh
and co-workers treated PLLA membranes with ozone which did not result in
increased wettability as the contact angle remained unchanged (Suh et al., 2001).
Cell attachment data was not reported. On the other hand, Ho and colleagues
published data where ozone treatment of PLLA resulted in a water contact angle
decrease of 7 (Ho et al., 2007). Furthermore, Ko and co-workers reported a
decrease in contact angle after ozone treatment for silicone, polyethylene and
polyurethane (Ko et al., 2001). To date, there are no publications reporting the
ozonation of PLGA flat sheet membranes or any other PLGA scaffold.
Other parameters, such as drop volume, surface of contact and drop surface were
included into the measurement to assure accuracy of the procedure. As results
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show in table 4.2 the droplet characteristics did not change drastically. It is known
that contact angle is not only dependent on hydrophilicity but is also influenced by
other factors such as surface roughness, surface porosity, pore size and its
distribution. Plus, the crystallinity of the polymer might prevent the introduction of
active groups via ozone treatment on the polymer’s surface. Without further
supportive data, it is difficult to find an explanation for the unchanged contact
angle.

Table 4.2 Analysis of PLGA flat sheet membranes treated with ozone.

Time (min)
0

Contact angle
()
73.90  2.24

Drop volume
(mm3)
0.24  0.00

Surface of contact
(mm2)
0.97  0.04

Drop surface
(mm2)
1.51  0.03

10
30
60
180

75.51  2.10
76.07  2.87
76.61  2.06
67.62  5.91

0.21  0.03
0.21  0.02
0.25  0.06
0.28  0.05

0.83  0.02
0.86  0.05
0.91  0.06
1.21  0.26

1.32  0.07
1.38  0.07
1.48  0.09
1.73  0.27

240

68.59  8.24

0.18  0.03

0.88  0.18

1.28  0.16
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Figure 4.6 Contact angle does not change with increased exposure to ozone. PLGA flat sheet
membranes were exposed to ozone for 0, 10, 30, 60, 180 and 240 min, followed by contact angle
measurement of treated membranes. Data represent the mean  SEM (n=6) and were obtained
using the Student’s t-test. Although the trendline indicates a decrease in contact angle with
increased exposure to ozone there is no significant difference between timepoints (P>0.05).
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Additionally to measurement of contact angles, the amount of polymeric peroxides
introduced onto the treated membranes was measured by the iodide
spectrophotometry method (Fujimoto et al., 1993, Ko et al., 2001). This method
uses the oxidation of sodium iodide by peroxides in the presence of ferric chloride.
The treated films were kept at 60C for 10 min in benzene-isopropyl alcohol
solution (1:6) which also contained saturated sodium iodide and 1ppm ferric
chloride. Water was added to stop the reaction and the absorbance of oxidized
iodine as triiodide anion was measured at 360nm. Unfortunately, no difference
between ozone treated and non-treated membranes was detected which leads to
the assumption that the ozone treatment was not successful. Nevertheless, the
effect of ozone was visible by corrugation of the flat sheet membrane. The
corrugation showed as folding and groove formation of the membrane exposed to
ozone. The degree of deformation increased with the time the polymer was
exposed to ozone.
The ozone experiments conducted in this project did not result in measurable
contact angle changes or in measurable increase of peroxide groups. Nevertheless,
it was necessary to investigate if ozone treatment results in higher cell attachment.
To assess the effect of ozonation on cell attachment, PC12 cells were seeded onto
treated and untreated PLGA flat sheet membranes. As shown in Figure 4.7 higher
cell attachment numbers were not achieved on ozone treated flat sheet
membranes, with a quantified average cell density of 144%.
The cell attachment experiment was conducted six times; still the error bars
remained very big, adding another factor for the exclusion of this method from
future experiments. The cells on PLGA flat sheet membrane were not evenly
distributed but formed clumps on the edges and retracted from the centre of the
flat sheet membrane. Although the edge effect is a very widely observed
phenomenon, ozone treatment did not eradicate it. Furthermore, corrugation of
flat sheet membranes did not support even distribution of cells. Every flat sheet
membrane sample showed a different pattern of corrugation resulting in different
cell attachment patters which contributed to the big error bars in the cell
attachment data (Fig 4.7).
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Because of the corrugation effect of ozone treatment on PLGA flat sheet
membranes as well as the lack of increased cell attachment ozonation was not
further pursued during this project.
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Figure 4.7 Ozone treatment does not affect attachment of PC12s to PGLA flat sheet membranes
treated with ozone. PC12 cells were seeded onto PLGA flat sheet membranes and left to attach for
four hours. Cell density was analysed using Picogreen. Cell density is represented as the number of
cells attached of the number of cells seeded. The linear trendline illustrates a decrease in cell
2
adhesion. Cells were seeded at 50,000 cells/cm . Data represent the mean  SEM (n=6) and was
analysed using Student’s t-test.

4.7 Effect of foetal calf serum on PC12 cell attachment
The results described so far in this chapter support the fact that PLGA has some
disadvantages when aiming to attach PC12 cells in high numbers. To further
investigate PC12 adhesion to PLGA, cell attachment behaviour of PC12 cells on TCP
was investigated in relation to the amount of foetal calf serum (FCS) present in the
media.
In order to investigate the effect of FCS on cell attachment, PC12 cells were seeded
onto uncoated TCP and left to attach for 4 h. TCP was chosen as a control before
seeding cells onto the polymer in order to exclude polymer-cell interactions. Cell
numbers were quantified using the Picogreen assay.
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The first interesting observation was made when removing FCS from the cell culture
medium. When using medium supplemented with 10% FCS, 7.40.7% of cells
attached to TCP (Fig. 4.8). Cell attachment was significantly greater for medium
supplemented with 5% FCS (P<0.05) compared to 10% FCS medium, with 10.70.6%
of seeded cells attached, and even greater when using 2.5% FCS medium,
14.01.4% of seeded cells (P<0.001). When using 1% FCS medium 161.7% of cells
attached and 50.49.0% of cells attached when FCS was completely removed from
the culture medium. Both figures, for 1% and 0% FCS medium, are statistically
significantly greater compared to medium containing 10% FCS (P<0.001).
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Figure 4.8 Effect of foetal calf serum on attachment of PC12 cells to TCP. In medium cells (50,000
2
cells/cm ) were seeded onto tissue culture plastic (TCP) and left to attach for 4 hours. Cell number of
the attached cells was analysed using Picogreen assay. 100% represents total number of cells
seeded. Data represent the mean  SEM (n=6) and were analysed using Student’s t-test. *P<0.05,
**P<0.01, ***P<0.001.

Whether the same effect was present when seeding cells onto PLGA, was
investigated by seeding PC12s onto PLGA films, because those films are easily and
quickly produced but still demonstrate the interactions of the cells with the
material. It was observed that FCS has a negative effect on PC12 attachment to
PLGA surfaces (Fig. 4.9) to the same extent as it does on TCP. Cells seeded in the
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absence of FCS showed higher affinity to PLGA than those incubated with FCS. A
significantly greater number of PC12s (6015%) attached to PLGA films when using
medium without FCS compared to 115% when using 10% FCS medium (P<0.001)
(Fig 4.10). No significant difference was observed between attachment of PC12s to
TCP, 509% and 71% without and with FCS respectively, and to PLGA films
(P>0.05). There was no significant difference between attachment of PC12s to PLGA
films compared to PLGA flat sheet membranes, where 207% of seeded cells
attached (Section 4.2), justifying the use of PLGA films instead of flat sheet
membranes.
FCS is normally added to the medium because many of its components are essential
for cell survival and growth. It is also known to promote cell attachment by
adsorption of serum proteins, such as fibronectin (Korkmaz et al., 2003). The
negative effect of FCS on cell attachment contradicts previous findings, where FCS
had a positive effect on PC12 cell attachment to chitosan films blended with PLL
(Mingyu et al., 2004). Mingyu and colleagues “primed” their cells by addition of
50mg/ml NGF 24 h before seeding. This effect was also investigated in this study
with no observed effect onto cell attachment. This suggests that it may be the
material to which the cells attach that influenced their behaviour. The absence of
FCS in the media might increase the interactions between the PLGA and the PC12
cells, as the polymer’s surface is not blocked by proteins present in the FCS. Further
experiments are necessary to investigate this aspect. As a consequence, all
subsequent attachment experiments were conducted using culture medium
without FCS for four hours which was then replaced with culture medium
supplemented with 10% FCS.
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Figure 4.9 Effect of serum on attachment of PC12 cell to PLGA films. Cells were stained with cell
tracker (Vybrant). With 10% FCS (A) only very few cells attach to the polymer. Removing FCS
increased the number of attached cells (B) Scale bar=500 µm.
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Figure 4.10 Cell adhesion of PC12 cells to PLGA films in absence and presence of 10% FCS. 100%
represents total number of cells seeded (100%). Data represent the mean  SEM (n=6) and were
analysed using Student’s t-test. ***P<0.001. FCS, foetal calf serum.

The effect of serum on cell attachment has also been described in relation with
cerebellar cells and spinal cord cells, which do not attach to substrates in the
presence of 5–10% serum in the medium (Kleinfeld et al., 1988). Kleinfeld and
colleagues have cultured rat cerebellar and mouse spinal cord cells on chemically
patterned silicon substrate showing that cell adhesion to n-tetradecane patterned
silicon is inhibited in the presence of serum in the medium compared to
ethylenediamine propane patterned surface. Furthermore, it has been reported
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that non-adhesive proteins such as BSA are likely to reduce the adhesion of neurites
to fibres (Lochter et al., 1995). Therefore serum could reduce neurite alignment but
support neurite growth on less adhesive substances, supporting neurite jumps from
one fibre to another and consequently cell migration. This is true for Schwann cells
(Thompson and Buettner, 2004) and dorsal root ganglia (Lochter et al., 1995). These
studies support the decision to remove FCS from cell attachment studies during the
first four hours of attachment.

4.7 Conclusion
In conclusion, the results clearly show that none of the surface modification
techniques were successful in creating more effective cell attachment. These results
partly correlate with the literature where it is widely reported that the PC12 cell line
requires surface coatings prior to seeding. It is questionable if surface modification
is particularly suitable for soft tissue engineering applications, as it can be invasive
and distorting for delicate scaffolds. NaOH modification in particular degrades the
membrane and the polymer’s exposure has to be kept to a minimum and at low
concentrations, otherwise it results in polymer degradation.
The removal of FCS from the culture media during PC12 cell attachment resulted in
significant higher cell attachment to uncoated TCP. This is a major finding which has
not been reported previously. This knowledge was included in any further
experiments conducting cell attachment.
Although the results obtained from surface modification were discouraging, PLGA
as a polymer for tissue engineering has great advantages in terms of ease of
process, biocompatibility and degradation rate. Furthermore, it has been shown
that PC12 cells do attach to PLGA. This makes PLGA a suitable material to develop
further as a scaffold for spinal cord injury repair. Thus the next chapter describes
the fabrication of a PLGA scaffold using electrospinning, a method which produces
fibres on nanometre scale.
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5. FABRICATION AND CHARACTERISATION
OF ELECTROSPUN PLGA NANOFIBRES
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5.1 Introduction
For biomedical applications, nanofibres have been produced with synthetic and
natural polymers using predominantly one out of three methods, including phase
separation, self-assembly and electrospinning (Zhao et al., 2007). All of these
methods produce three dimensional fibrous scaffolds suitable for tissue engineering
applications. Phase separation requires only simple equipment (Liu et al., 2005); the
self-assembly method can form very thin fibres (Hartgerink et al., 2001); but
electrospinning is the most versatile, flexible and widely adopted technique. Using
electrospinning, fibres can be produced ranging from 6 to 3000 nm in diameter,
processing a wide range of polymers, including blends and emulsions (Li and Xia,
2004, Liang et al., 2007).
In order to establish the electrospinning process for PLGA in the laboratory,
parameters including choice of solvent and process settings (applied voltage,
solution feeding rate, collector-to-needle distance, solvent, solution viscosity) have
been examined and the results are presented and discussed in this chapter.

5.2 Polymer concentration affects fibre formation
The first parameter of interest was the polymer concentration in the
electrospinning solution. For this, three PLGA (75:25, MW=76,000-116,000)
solutions were prepared each with 8, 10 or 15% (w/w) of polymer in
dimethylformamide (DMF) and tetrahydrofuran (THF) in a ratio of 1:1 (Li et al.,
2002). These solvents were chosen because they were found to be most dominant
in the literature. The solutions were electrospun while keeping all other
parameters, such as flow rate (1.5ml/h), voltage (15kV) and distance of collector to
the needle constant (10cm). Analysing the nanofibre mats using SEM allowed the
characterisation of the produced nanofibres according to the nanofibre diameter
and the presence of a 3D network. The desired scaffold would be a porous fibre
mesh which allows the diffusion of external growth factors.
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First results indicated that a slight concentration change from 8 to 10% (w/w) PLGA
in a 1:1 mixture of DMF and THF had an effect on fibre formation. After
electrospinning of the samples with 8 and 10% (w/w) polymer concentration, the
morphology was analysed using SEM (Fig 5.1). When the 8% polymer solution was
electrospun, only droplets were collected. By increasing the polymer concentration
by 2% it is apparent that fibres started to form. Using the solvents DMF and THF did
not result in uniform fibres, even when increasing the polymer concentration. The
solution containing 15% of PLGA did not result in fibres, as it blocked the tubing and
the needle, and thus no polymer was collected.
The process of droplet formation is called electrospraying (Gupta et al., 2009).
Electrospraying occurs due to insufficient chain entanglements which lead to
instability in the jet forming droplets (Kose et al., 2003). Consistent fibre size across
the mat (i.e. no beads) results in relatively consistent porosity, which also results in
consistent cell spreading and diffusion of external growth factors (Cui et al., 2010).
These factors make bead-free fibres more favourable. Furthermore, an additional
reason to avoid beads, is their uptake of essential space where neurons could
potentially migrate and attach, making the beads a physical barrier. On the other
hand, electrospraying can be used to produce beads with encapsulated drugs,
providing a new drug delivery scaffold. New heterogeneous scaffolds consisting of
fibres and beads can be created, in which case fibres and beads can be electrospun
in layers and/or consist of different polymers, depending on the application. The
advantage of bead-free fibres is the control of porosity. It is more difficult to control
the pore size of the scaffold when random beads are present.
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A

B

Figure 5.1 Polymer concentration in the solution effects fibre formation during electrospinning. (A)
8% PLGA in DMF:THF (1:1), (B) 10% PLGA in DMF:THF (1:1). Electrospinning parameters were
identical for both samples: flow rate 1.5ml/h, applied voltage of 15kV, 10cm collector-to-needle
distance.

The process of electrospraying can be overcome by increasing the polymer
concentration in the solution until a critical concentration is obtained. In the
present study it was found that a 10% polymer solution resulted in fibre formation.
When using 8% polymer solution only beads were obtained and when using 15%
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solutions clogging of the needle was interfering with fibre formation. According to
Fong and colleagues, bead formation is influenced by solution viscosity, net charge
density carried by the electrospinning jet and surface tension of the solution (Fong
et al., 1999). Further, a probable competition between surface tension and viscosity
influences the gradual change from beads to smooth fibres (Katti et al., 2004). In
this case the surface tension tries to reduce surface area per unit mass, leading to
beads, whereas the viscoelastic forces resist this facilitating the formation of fibres.
The use of THF and DMF as solvents did not result in bead-free fibres likely due to
the strong surface tension which cannot be overcome by the viscoelastic forces of
the solution. As THF and DMF did not result in bead-free fibre formation other
solvents were investigated.

5.3 Effect of solvent on fibre formation
In order to carry out electrospinning, the polymer has to be in solution. The
property of the solution strongly affects the electrospinning process and the
resulting fibre morphology (Fong et al., 1999). The polymer solution is drawn from
the tip of the needle and parameters such as viscosity, surface tension and rate of
evaporation effect the stretching of the solution. It was observed that polymer
concentration had an effect on fibre formation when using DMF:THF as solvent. But
it was not the only factor, as further manipulation of other setting parameters
(including applied voltage, flow rate and needle-collector-distance) did not produce
any fibres. In order to establish whether the solvent itself has a dominant influence
on the electrospinning process, other solvents were chosen for further experiments.
The solvents tested were DMF, THF (Nisbet et al., 2007, Zhao et al., 2008), DMF and
THF at ratios 3:1 and 1:1, 1-methyl-2-pyrrolidinone (NMP) (Ellis and Chaudhuri,
2008), isopropanol (Meng et al., 2007), dichloromethane (DCM) (Nie et al., 2009)
and chloroform (CHCl3) and methanol (MeOH) at ratio 3:1 (Panseri et al., 2008).
These solvents were chosen as they were previously described in the context of
scaffold fabrication using PLGA. NMP was used to produce PLGA flat sheet
membranes by our group, whereas DMF and THF are the most common solvents
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used for electrospinning PLGA. Isopropanol was previously used as a solvent for
electrospinning a combination of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
and type-I collagen (Meng et al., 2007). The results indicated that with the other
parameters kept constant, the morphology of the fibres changed according to the
solvent used (Fig 5.2). NMP and DMF:THF did not result in fibres but droplets only
(Fig 5.2 A), and were excluded from further experiments. Isopronanol did result in
fibres but they were not continuous and showed many beads (Fig 5.2 B). DCM
resulted in continuous fibres but the uniformity was distorted by beads (Fig 5.2 C).
The best results were obtained using the CHCl3:MeOH (3:1) solution (Fig 5.2 D), as
the fibres were bead free. The fibre diameter of fibres produced using DCM and
CHCl3:MeOH were analysed as these solutions resulted in most promising
nanofibres.
Using CHCl3:MeOH as solvent resulted in continuous uniform fibres without beads
with an average fibre diameter of 530140nm (n=31) (Fig 5.3). These fibres were
significantly different from those obtained using DCM (P<0.05) with fibre diameter
of 860420nm. Lee and co-workers have electrospun thinner nanofibres using PLGA
in hexafluoro-2-propanol (HFIP) which resulted in fibre diameters of 250110nm for
random and 360130nm for aligned fibres (Lee et al., 2009). As a different solvent
than CHCl3:MeOH was used and the molecular weight of the polymer is not
mentioned in the publication, it is very difficult to compare the data to the results
presented here. Nisbet and co-workers have used THF:DMF (1:1) as a solvent, which
resulted in random fibres with diameter of 760300nm. They used PLGA with the
molecular weight of 160,000 in 10% (w/w) solution which was higher than the
molecular weight of PLGA used here, Mw 76,000–116,000.
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Figure 5.2 Effect of solvent on fibre formation. Electrospun PLGA dissolved in dimethylfomamide
(DMF) and tetrahydrofuran (THF) (3:1) (A), isopropanol (B), Dichloromethane (C), chloroform (CHCl3)
and methanol (MeOH) (3:1) (D).
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Figure 5.3 Solvent affects fibre diameter. Diameter distribution of fibrous mats fabricated by
electrospinning were compared. Comparison of fibre diameter of electrospun PLGA when using
CHCl3:MeOH (3:1) and DCM, 10% (w/w). 10 random images of the fibrous mat were taken per
sample with a minimum magnification of 4000x. Fibre diameter analysis was conducted using
ImageJ, analysing a minimum of 30 fibres per image.
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Zhao and co-workers demonstrated that the fibre diameter can be manipulated by
changing the electrospinning parameters. They electrospun PLGA (50/50,
MW=40,000) in THF:DMF (3:1). By varying the concentration of the polymer (0.15 to
0.3g/ml), the applied voltage (7.5 to 15kV) and the feeding rate (0.4 to 1.2ml/h), it
was shown that optimal settings were 0.2g/ml for PLGA concentration, 0.4ml/h for
feeding rate and electric field strength of 13.75kV. These parameters were
impossible to reproduce with the PLGA used in this study. The flow rate had to be
increased to 3ml/h as well as the applied voltage to 15kV, although the
concentration of the polymer was lower, 0.1g/ml. The reason for the different
settings is on one hand the use of different PLGA, the ratio of lactic to glycolic acid is
50/50 and not 75/25, and on the other hand the fact that the experiment were
conducted in a different laboratory using different equipment and being exposed to
different ambient settings, such as room temperature, humidity and air flow.
Electrospinning is a very sensitive process making the reproducibility of settings
difficult and only to some extent comparable to each other. Panseri and co-workers
have electrospun PLGA/PCL in order to create a tubular implant for peripheral nerve
repair using CHCl3:MeOH (3:1) as a solvent. Their fibres ranged from 280 to 8000nm
in diameter (Panseri et al., 2008), whereas here the fibres were more uniform
making the outcome of electrospinning more predictable.
Although there are studies that have obtained fibres of different size diameter,
there is also data in the literature correlating with the results presented here. For
example, Li and co-workers obtained random electrospun PLGA (85:15, unknown
molecular weight) fibres in the range of 500 to 800nm, the same size fibres as
described here (Li et al., 2002).
Fibre diameter is considered carefully as it has been reported that cells recognize
nanometric topologies of microporous structures (Nisbet et al., 2008). With
decreased fibre diameter fibre density is increased which in turn affects cell
behaviour. Kwon and colleagues have electrospun poly(L-lactide-co-caprolactone)
(PLCL, 50/50) with different fibre diameters and studied the behaviour of human
umbilical vein endothelial cells (HUVECs) (Kidoaki et al., 2005). The results showed
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that cells attached and proliferated on small fibre diameter (300nm and 1100nm)
whereas reduced cell attachment and proliferation were observed on large
diameter fibres (7000nm). This was probably due to the low fibre density and high
fibre distance, which prevented adhesion across neighbouring cells.
The needle which was used for electrospinning is a further parameter that has to be
considered when creating a new set-up. The needle used here had an inner
diameter of 0.4mm. This parameter was set and not changed during the further
experiments. It has been shown that the diameter of the needle used has an effect
on the diameter of the resulting fibre. As a rule it can be said that the bigger the
needle the thicker the fibre. Needles ranging between 0.4mm (Bini et al., 2004) to
0.84mm (You et al., 2006) result in fibres between 380nm and 760nm. The smaller
diameter needle was chosen because there is preliminary evidence that cells attach
better to small diameter fibres compared to larger ones and a smaller needle
results in smaller diameter fibres (Duan et al., 2006).

5.4 Viscosity affects the electrospinning process
The solvent has a definite effect on fibre formation, but what characteristics exactly
play the most important role? It was observed that, while preparing the solutions
for electrospinning, the consistency of the solutions showed differences, such as
10% w/w PLGA in NMP appeared more viscous than in chloroform. Thus, the next
parameter investigated was the viscosity of the polymer solution. The same
solvents as mentioned in section 5.3 were chosen to measure the viscosity of the
polymer solution as well as clogging of the needle and amount of polymer collected.
The viscosity of all solutions ranged between 0.0390.003Pa.S and 0.0880.012Pa.S
(Fig. 5.4). Solutions prepared using CHCl3:MeOH or chloroform were easily
electrospun causing the least processing difficulties, e.g. no needle clogging. Their
viscosity ranged from 0.0660.014Pa.S to 0.070.005Pa.S. These changes in
solution viscosity make it important to choose the correct settings to ensure the
reproducibility of electrospun samples. Additionally, it can be concluded that when
choosing a solvent for electrospinning, its effect on viscosity has to be considered,
90

Marina Krämer

as it has a negative effect on the electrospinning process when either too high or
too low. The results obtained here correlate with previously published data, where
a 10% PLGA solution in hexafluoropropylene (HFP) had a viscosity of 0.07Pa.S and
was successfully electrospun (You et al., 2006). Although a different solvent was
used by You and colleagues, the viscosity was the same as measured here.
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Figure 5.4 Viscosity of 10 % (w/w) PLGA solutions changes with the solvent. The graph represents
the viscosity of 10% PLGA solutions used for electrospinning. CHCl 3:MeOH and chloroform on its own
result in the same viscosity which is significantly different to the other samples (*P<0.05).
Measurements were repeated three times with freshly made up solutions for each repeat, with
three measurements per solution (n=3). CHCl 3, chloroform; MeOH, methanol; NMP, N-Methyl-2pyrrolidinone; THF, tetrahydrofuran; DMF, dimethylformamide.

During electrospinning the solvent has to evaporate by the time the jet reaches the
collector. Depending on the solvent, evaporation may not occur quickly enough and
fibres may not be formed at all, instead depositing a thin film of polymer solution
on the collector. Evaporation can happen too quickly which may result in the
absence of a polymer jet as the needle gets clogged by the polymer. Table 5.1 gives
an overview of the solvents used and the problems experienced with each.
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Table 5.1 Summary of electrospinning observations. The table summarizes the observations made
during electrospinning of various 10% PLGA solutions. Viscosity of DCM was not obtained as it
evaporated too quickly. CHCl3, chloroform; MeOH, methanol; DCM, dichloromethane; DMF,
Dimethylformamide; NMP, N-methyl-2-pyrrolidinone; THF, tetrahydrofuran. (-) no, (+) low, and (+++)
high amount of polymer collected.

Solvent

Viscosity
(Pa.S)

Clogging of
needle

THF:DMF (1:1)
THF:DMF (1:3)

0.039 ± 0.003
0.05 ± 0.005

No clogging
No clogging

Amount of
polymer
collected
+
+

CHCl3:MeOH
(3:1)

0.066 ± 0.014

No clogging

+++

Fibres
Droplets
Droplets
Continuous
homologous
fibres

Chloroform

0.07 ± 0.005

Minor clogging

+

Continuous
homologous
fibres

NMP

0.088 ± 0.012

Medium
clogging

+

Droplets

DCM

/

Major clogging

-/+

Non
homologous
fibres

The clogging can be attributed to the viscosity of the polymer solution, as the
solution with the highest viscosity resulted in clogging. Moreover, the volatility of
the solvent used may have an effect on the electrospinning procedure. When using
DCM, the needle was blocked very quickly after starting electrospinning, which was
due to the fact that the solvent evaporated very quickly and the residual polymer
blocked the needle. The boiling point of DCM is 40C, which makes it highly volatile.
Chloroform on the other hand has a boiling point of 61.2C, which makes it less
volatile, thus more suitable for electrospinning, as it does not evaporate as quickly
as DCM and the needle remains unblocked. Conversely, NMP has a very high boiling
point of 202-204C, which contributes to its unsuitability, as it does not evaporate
quickly enough and big droplets are formed instead of fibres. Plus, the viscosity of
NMP is relatively high, also preventing fibre formation. Volatility of the solution is
not only effected by the boiling point of the solvent but also by vapour pressure,
specific heat, surface tension of liquid and air movement above the liquid surface.
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All these parameters may influence the physics of electrospinning and should be
investigated in future work.
An additional fluid parameter, the dielectric point of the solvent, also influences the
electrospinning process. The dielectric constant represents the ratio of the electrical
conductivity of a dielectric material to free space (Table 5.2). Generally, the solvent
with a greater dielectric constant results in less bead formation and a reduced fibre
diameter as it reflects the polarity of the molecules (You et al., 2006). The dielectric
point can also be used as predictor for the productivity of the electrospinning
process as solvents with a higher dielectric constant are more likely to give higher
electrical susceptibility and a higher electrostatic field, which also helps to increase
the throughput of the solution from the spinneret (Wannatong et al., 2004).
Nevertheless, systematic study of the effect of polarity of solvent on the fibre
diameter is still missing. Chloroform has a relatively low dielectric constant (4.8).
Methanol, with a dielectric constant of 32.6, is added to increase the spinnability of
the solution.
Table 5.2 Boiling point and dielectric constant of solvents.

Solvent

Boiling Point (°C)

Dielectric constant

Chloroform, CHCl3

61.2

4.81

Dichloromethane, DCM

40

8.93

Dimethylformamide, DMF

153

36.71

Methanol, MeOH

64.7

32,6

N-methyl-2-pyrrolidinone, NMP

202-204

32

Tetrahydrofuran, THF

66

7.47

Isopropanol

82.5

18

Water

99.9

80.2

A further factor that affects the viscosity is the molecular weight of the polymer.
Polymers with high molecular weight will result in higher viscosity compared to
those with lower molecular weight when the volume of the solvent is kept constant.
Bhattarai and co-workers have used polyethylene oxide (PEO) to decrease the
viscosity of a chitosan solution and increase its spinnability (Bhattarai et al., 2005).
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PEO interacts with chitosan through hydgrogen bonding increasing the solubility of
chitosan and the spinnability of the solution. For electrospinning to occur the
polymer must be of sufficient molecular weight and reach a critical concentration,
e.g. minimum concentration for entanglements to occur. These parameters
influence each other and the resulting fibres. Consequently, the parameters have to
be adjusted accordingly when choosing a new polymer and/or solvent.
For electrospinning, the charges of the polymer solution have to be high enough to
overcome the surface tension of the solution. While the jet is accelerated on the
way from needle tip to collector the polymer solution is stretched and the viscosity
of the solutions prevents the breaking of the jet, which can result in electrospraying
or bead formation within the fibre (Morozov et al., 1998). For a pure liquid system
the surface tension would decrease with increasing temperature. From a molecular
point of view with higher temperature the molecules within the liquid gain more
energy and move faster in the space, which results in decreased bondage between
the molecules and lower surface tension, resulting in non-continuous fibres.
As has been demonstrated in this section, viscosity has a high impact on the
electrospinning process. As viscosity is affected by the solvent, the solvent also
affects the electrospinning process and the resulting fibres.

5.5 Distance to collector
In order to analyse the effect of distance between the tip of the needle and the
collector, distances of 10cm and 20cm were used, while not changing any of the
other parameters, including 3ml/h feeding rate, 15kV applied voltage, 300µl
polymer solution volume, and earthed aluminium foil as collector.
The distance between the needle and the collector has less effect on fibre
characteristics but on fibre density; the closer the collector is to the needle the
more electrospun polymer is collected (Fig. 5.5). This indicates that the
surroundings, for example the stand, the flow hood etc., may influence and distort
the polymer jet which results in fibre deposition on surrounding objects and hence
loss of polymer. The only measure that can be taken to avoid this effect is having
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minimal air disturbances and non-conductive material around the electrospinning
area.
When placing the collector 10cm away from the needle much more polymer can be
collected in comparison to 20cm distance (207mg after 15 min electrospinning
compared to 53mg). The reason for this may be the electrostatic force which is not
strong enough to carry the polymer over the distance of 20cm. On the other hand, if
the collector is placed too close to the needle, the fibre formation process is
interrupted as the jet is not accelerated enough to form fibres (data not shown as
no fibres were formed). At shorter distances the solvent has less time to evaporate
which can lead to fibre merging on the collector. Longer distances can cause more
polymer stretching or a decreased electrostatic field which leads to thinner or
thicker fibres respectively. In the literature, distances between needle tip and
collector range from 5cm (You et al., 2006) to 32cm (Panseri et al., 2008). The
majority of publications report about distances around 10-15cm (Qi et al., 2006,
Carroll and Joo, 2006, Yang et al., 2008, Zhao et al., 2008). The established distance
for the set up used in this project is 11cm which falls within the range provided by
previous publications. When the distance between the spinneret and the grounded
target was less than 5cm the solvent did not evaporate and the polymer solution
was deposited on the collector. On the other hand, the polymer jet was deflected
and deposited on surrounding objects and not on the collector when the distance
between spinneret and grounded target was too long resulting in lower quantity of
fibres collected and waste of polymer.
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A

B

Figure 5.5 Needle-to-collector distance effect. The distance between collector and needle tip
influences fibre density on the collector. (A) 10cm and (B) 20cm needle-to-collector distance. 10%
(w/w) PLGA in DCM was electrospun onto aluminium foil. Settings used for electrospinning: 3ml/h
feeding rate, 15kV applied voltage, 300µl polymer solution volume.

5.6 Effect of applied voltage
The applied voltage is the key to electrospinning. It affects the formation of the
Taylor cone and fibre formation. When the voltage is too low the polymer jet does
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not form. When the voltage is too high, the jet ruptures and becomes noncontinuous, which affects the thickness of the fibres and homogeneity of the fibre
mat. On the other hand, more of the polymer is deposited on the collector when
the applied voltage is set high. This results in thicker polymer mats, and reduces the
amount of polymer lost to surroundings of the electrospinning set up, which is an
important factor to consider as PLGA is expensive. For all these reasons, the optimal
settings must be chosen taking in consideration feeding rate, collector-to-needle
distance and polymer concentration. Following the observations made during
electrospinning, the flow rate was reduced to 2ml/h, the distance was set at 11cm
and the voltage was tested at 10kV and 15kV. The voltage was not raised higher
than 15kV as the syringe pump discharged at higher settings. Voltages tested rage
between 5kV and 18kV (Fig 5.6) (Nisbet et al., 2007), although voltages in the range
of 0-30kV have been tested (Zong et al., 2003, Zong et al., 2005).

Figure 5.6 Applied Voltage affects fibre formation. 10% (w/w) PLGA electrospun onto glass cover
slips using 10kV (A) and 15kV (B) applied voltage. Other parameters were kept constant at 2ml/h and
11cm.

Higher voltage favours the formation of fibres without beads, as well as the
formation of thinner fibres as the polymer jet is exposed to stronger electrostatic
forces. As surface tension is responsible for the formation of beads, reduced surface
tension results in fibres without beads. In a recent publication, Fridrikh and
colleagues presented an analytical model to determine jet diameter taking into
consideration surface tension, flow rate and electric current in the jet (Fridrikh et
al., 2003). In this model, the diameter strongly depends on the relation between
surface tension and electrostatic repulsions.
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5.7 Feeding rate
In order to determine the optimum feeding rate of the polymer solution feeding
rates ranging from 0.5ml/h to 5ml/h were tested (Tab 5.3). Feeding rates of 0.5, 1
and 5ml/h were too slow or too fast leading to no fibre formation or deposition of
drops of polymer solution and consequently to fibre merging on the collector.
Feeding rates of 2 and 3ml/h did result in fibre deposition and drop formation
without clogging.

Table 5.3 Feeding rates tested. (-) no drop formation, (+) drop formation

Feeding
rate
(ml/h)
0.5
1
2

3

5

Observations
Too slow to push solution out
Too slow to push solution out
Slow initial formation of polymer solution
drop at the needle tip, no solution
deposition on collector
Initial formation of polymer solution drop at
the needle tip, no solution deposition on
collector
Too fast, polymer solution drops onto
collector before evaporation, resulting in
fibres merging

Drop
Clogging of
formation at
needle
needle tip
Clogging
Clogging
+

No clogging

+

No clogging

+

No clogging

The feeding rate influences the size of the fibre as a higher feeding rate results in an
increase of fibre diameter (Zhao et al., 2007). To achieve smaller diameter (<800
nm), the flow rate was reduced so far that it was enough to push the solution out of
the needle and not to interrupt the fibre formation process. This was achieved with
2ml/h resulting in the highest efficiency of fibre density to polymer solution
electrospun. Both higher and lower settings generated fewer fibres on the collector.
Any lower setting was not successful as it was not strong enough to force the
polymer solution out of the needle. Also with a higher feeding rate the solvent had
less time to evaporate completely, resulting in thicker fibres and deposition of
polymer solution on the collector resulting in merging of nanofibres. When the
amount of solution jet per unit time is excessive the jet has does not whip and
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stretch, resulting in non-straight fibres. Additionally, during the elongation process
the solvent may not evaporate in time which results in bead formation and polymer
solution deposition on the collector.
The flow rate found to be optimum here was 2-3ml/h which is in correlation with
the literature where reported feeding rates range from 0.4ml/h (Zhao et al., 2008)
to 4 ml/h (You et al., 2006).

5.8 Quantification of fibre alignment
The main focus of the previous results and discussions was on producing random
electrospun fibres with settings that result in reproducible samples. The next step
was to produce aligned electrospun fibres. For this, all process settings remained
the same except the collector was replaced with two parallel aluminium rods with
an air gap (0.5, 1, or 1.5cm) (Fig 3.1).
When examining the literature, many publications mention the use of rotating
drums. These drums have different sizes and shapes and rotate at different speeds,
making it difficult to choose a standard method (Tong and Wang, 2007, Duan et al.,
2006). This is also an obstacle when comparing data published in the literature. It
was also attempted to use a rotating drum in this work, but the fibres obtained
were not aligned, although all parameters (i.e. the rotating speed) have been varied
excessively, still only random fibres were obtained. Instead two aligned aluminium
rods were used. The use of two conductive electrodes with a void gap of variable
widths has been previously reported to result in aligned fibres (Li et al., 2005). The
use of two aligned electrodes changes the configuration of electrostatic forces
resulting in fibres spanning across the gap.
To assess the alignment of the produced fibres, a thin layer of polymer was
electrospun onto glass cover slips. In order to quantify the orientation of fibres,
analysis of fibre alignment was carried out using ImageJ, an open source image
analyses software. For this, original images were transformed using Fast Fourier
transform and alignment quantified using Oval_Profile a further ImageJ plug in (Fig.
5.7).
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Figure 5.7 Analysis of alignment of electrospun PLGA nanofibres. Representative phase contrast
images of electrospun fibres (A-C) and fast fourier transformation (FFT) output images (D-F). (D)
structure which was used to retrieve the oval profile data. Collector distances were 0.5cm (A +D),
1cm (B + E) or 1.5cm (C + F).
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Figure 5.8 Angular fibre alignment of electrospun PLGA. Pixel intensity plots against the angle of
acquisition of fibres collected onto two parallel stainless steel rods with 0.5, 1, and 1.5cm air gap.
Note the single distinctive peak produced by the image output containing aligned formation.

When the two aligned aluminium electrodes were placed 0.5cm apart hardly any
alignment was present (Fig. 5.7 a). After increasing the distance to 1cm fibre
alignment improved drastically (Fig. 5.7 b). Once the distance between the
electrodes was too far, random fibres start to appear again. The pixel intensity plots
(Fig 5.8) show the pixel intensity orientation of the analysed images. A single
distinctive peak in the graph represents the pixel intensity and thus orientation of
the image.
It has been reported that the fibre orientation changes from aligned to random
after 30 min of electrospinning at a flow rate of 1ml/h (Yang et al., 2005), which
may be due to residual charges. The residual charges of the electrospun polymer
seem to be efficient to exercise a repel force on the next depositing fibre and
changing its orientation, leading to pores or voids between aligned fibres. This was
also observed when producing the aligned samples here. For this reason the
scaffolds were electrospun for only 30 min at a flow rate of 2ml/h. If required, the
thickness of the final scaffold can be increased by placing fibrous mats on top of
each other.
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Several previous publications dealt with electrospinning PLGA, although only one
reports about the production of aligned PLGA fibres which were additionally
modified with polypyrrole to increase electrical conductivity trying to overcome the
non-conductive properties of PLGA (Lee et al., 2009). This makes this report the first
describing the production of aligned PLGA nanofibres. Yang and co-workers have
produced aligned PLLA fibres for neural tissue engineering applications (Yang et al.,
2005). These fibres show a high order of alignment and they were collected on a
rotating disk, which was rotating at 1000rpm. The alignment was only
demonstrated with SEM images and was not quantified making a quantitative
comparison difficult. Jose and co-workers produced aligned poly-(lactic-co-glycolic
acid)/hydroxyapatite fibres on a rotating drum at a speed of 6000rpm (Jose et al.,
2009). These fibres show a lower order of alignment with the majority of fibres
within 30 from the orientation axis compared to the work presented here, where
fibres were within 20 from the orientation axis (Fig. 5.8). The advantage of using
two electrodes lies within the simplicity of the electrospinning set-up. The
disadvantage is the size restriction of the produced fibrous mats, which were on
average 7.5cm2 of aligned fibre area. The size of a human SCI is in the range of 24cm (Gros et al., 2010), making the produced sample too small for implantation in
humans but they could be tested in animals.
Another advantage is that the mats can have both random and aligned fibres,
random fibres on top the electrodes and aligned fibres spanning the gap if left for
30 min. This can be used to study cell behaviour on both topographies
simultaneously with potential applications in tissues other than the spinal cord.

5.9 Further considerations
In general, the produced nanofibre mats were very fragile indicating low mechanical
strength. The low mechanical strength might limit the application diversity of the
produced scaffold. Ways in which the scaffold can be packed and stored prior to
implantation have to be investigated. Also, being produced at room temperature
the fibres tend to shrink when exposed to 37C in the incubator, which makes it
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difficult to predict the polymer’s behaviour. This loss of initial size of electrospun
fibre mats during incubation is due to thermally induced relaxation of stretched
amorphous chains and results in formation of a much denser structure.
Unfortunately, this also results in loss of porosity. This effect has been previously
described by Zong and colleagues (Zong et al., 2003) and was confirmed in this
study. This shrinkage effect is very undesirable for biological application, as it may
result in faster release of encapsulated drugs or shock the cells embedded in the
scaffold. It would be useful to control or prevent this behaviour. This was partly
achieved by Zhon and colleagues who used PLGA 10:90 instead of 75:25. Preventing
the shrinkage, the altered ratio of PLA to PGA resulted in a faster degradation rate,
instead of up to six months (Zhou et al., 2004), the polymer degraded within one
month (Zong et al., 2003). This makes it less favourable for long term application,
such as implantation within the nervous system.

5.10 Conclusion
In this chapter various parameters of electrospinning were described and the
characterisation of electrospun PLGA nanofibres was presented. It was shown that
those parameters influence the electrospinning process and thus the fibre
formation process as well as morphology of the fibres. The parameters include the
concentration of the polymer solution, the solvent used, voltage applied, feeding
rate of the polymer solution, collector-to-needle distance and type of collector,
aluminium foil for random fibres and two aluminium rods.
The most suitable fibres, with an average fibre diameter of 530140nm, were
obtained using a 10% w/w PLGA polymer solution in CHCl3/MeOH (3:1) with an
optimum viscosity of 0.07Pa.S which was electrospun using a needle with 0.4mm
inner diameter and 15kV applied voltage. The polymer was collected onto
aluminium foil for random fibres and on two parallel aluminium rods for aligned
nanofibres. Both collectors were placed 11cm away from the tip of the needle
through which the polymer solution was pumped at a feeding rate of 2-3ml/h.

103

Marina Krämer

These conditions were used to produce polymer samples for further cell attachment
experiments.
After the production of the scaffold and intense investigation of parameters
influencing the electrospinning process, the assessment of the scaffold in terms of
cytocompatibility was investigated and the results are presented in chapter 6.
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6. INTERACTIONS OF PC12 CELLS WITH
ELECTROSPUN PLGA SCAFFOLDS
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6.1 Introduction
After a spinal cord injury the damaged neurites retract and cannot find their distal
targets because the glial scar blocks axonal outgrowth. A tissue engineering
approach to this problem involves the provision of physical cues in terms of
implantation of a scaffold. Here, a scaffold made from an electrospun PLGA was
tested for its suitability to promote cellular attachment, proliferation and
differentiation. This chapter describes the assessment of these characteristics,
focusing on PC12 cells on random and aligned PLGA fibre mats. Parameters
examined include the number of cells attaching to the scaffold after 4 h followed by
proliferation of the cells over 120 h, the number of neurite-bearing cells, the
number of neurites per cell, the length of neurites and the alignment of neurites
along nanofibres.

6.2 Attachment of PC12 cells to random PLGA nanofibres
Many cell lines, excluding those which grow in suspension, cannot grow without
being attached to a surface, each other or to other cell types. The attachment is
mediated through cell adhesion molecules, e.g. cadherins, integrins and selectins.
These transmembrane cell-matrix adhesion receptors activate intracellular
signalling pathways that communicate to the cell the character of the extracellular
matrix (ECM) (e.g. laminin, fibronectin, fibrinogen, vitronectin or other proteins)
upon which the cell adjusts its behaviour. A simplified version of the ECM would
consist of many randomly oriented bundles of nanofibres, representing collagen,
which is the most abundant protein in mammals (Di Lullo et al., 2002). By using
electrospinning it is possible to produce synthetic nanofibres, which can be used as
an implant material.
In order to study the effect of electrospun fibres on cell attachment, PC12 cells
were seeded on sterilised random and aligned PLGA nanofibre mats and left to
attach for 4 h. After attachment, cells were fixed and analysed using fluorescent
microscopy and SEM. PC12 cells were shown to attach to the electrospun
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nanofibres and also to divide on the surface, as can been seen in figure 6.1 where
two cells are in the end phase of cell division. The cells were small, 10.76±1.28µm
(n=6), and of very round appearance, which is in accordance with previous work
(Fujita et al., 1989). The cells were in contact with the surface through microvilli and
cilia, membrane protrusions which are involved in absorption, secretion,
mechanotransduction and also increase the surface area of cells. These features of
surface morphology were first described by Connolly and colleagues who analysed
PC12 cells on PLL coated glass coverslips (Connolly et al., 1979). The qualitative
surface morphology results relate to the data presented here which also confirms
that the invasive SEM cell preparation procedure did not affect the surface
morphology. These findings indicate that the electrospun scaffold does not affect
PC12 cell behaviour negatively making it suitable for further investigations and for
nerve regeneration applications.

*

*

Figure 6.1 PC12 cells on random electrospun PLGA nanofibres. * indicates cells that may be in the
final stages of cell division.
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Further qualitative evidence of cell attachment also demonstrated that the
nanofibres provide topographical cues for the cells. The results in Figure 6.2 (D-F)
show that cells attach to the polymer according to the orientation of the
electrospun nanofibres, that is along the fibres in a row, compared to TCP coated
with PLL where cells accumulate in random clusters on the surface as no
topographical signals are provided (Fig 6.2 A-C). The random attachment pattern
was also observed for random fibres. This was the first promising result indicating
that the surface provided by the nanofibre mats had an effect on PC12 cell
attachment behaviour. The results indicated good attachment of PC12 cells to the
polymer as cell remained attached after staining and treatments that precede SEM
analysis. Living cells were present (green labelled cells, stained with calcein AM)
compared to the absence of dead cells (red labelled cells, stained with ethidium
homodimer) indicating the non-toxic characteristics of the PLGA scaffold (Fig. 6.2
E+F). Additionally, images obtained by light microscopy showed cells attached to
fibres in no particular orientation on random PLGA nanofibres and along nanofibres
on aligned PLGA nanofibres (Fig 6.3).
PC12s do not attach to TCP, thus coating is essential for adherent cultures (Lhoest
et al., 1996). This provides an obstacle when trying to conduct cell attachment
studies. PLGA is a relatively hydrophobic material. This means that PC12 cells, which
are unlikely to attach in the first place, will not be likely to attach to a polymer
which does not actively support cell attachment by being hydrophobic and by the
absence of functional groups on the surface to promote cell attachment. This was
the case when using PLGA flat sheet membranes (Chapter 4). Only a minimal
number of cells attached to the polymer and cells were easily washed off during
washing and staining steps. Cell attachment experiments revealed that 18±7% of
seeded cells attached to random and aligned PLGA nanofibres with no significant
difference between random and aligned nanofibres (P>0.05) (Fig 6.4). Although the
numbers indicated that cell attachment to electrospun nanofibres is not more
efficient than to flat sheet membranes (20±7%), analysis of the samples under the
microscope indicated a higher proportion of cells were on the sample. The major
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challenge when quantifying cell attachment on electrospun PLGA nanofibres was
the successful detachment of cells from the polymer in order to allow accurate cell
counting. Thus only conservative numbers were included into the final analysis
resulting in low cell attachment efficiency. Cell numbers on flat sheet membranes
were obtained using a haemocytometer where cell numbers on electrospun
samples were obtained using PicoGreen assay. There may be discrepancies between
the two methods which cannot be ruled out.

Figure 6.2 PC12 cells attach along PLGA nanofibres. PC12 cells on TCP coated with PLL (A-C) and
electrospun PLGA nanofibres (D-F) stained with Hoechst (blue, A+D), calcein AM (green, B+E) and
ethidium homodimer (red, C+F). Cells did not die after attachment to either TCP or PLGA fibre mats.
The linear structure that is visible in D, E, and F are cells which align according to topography
presented to them. Scale bar=200μm.
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Figure 6.3 PC12 cell distribution along nanofibres. Cells were seeded on random (A) and aligned (B)
PLGA nanofibres. PC12 cells attach to both random and aligned PLGA fibres. When seeded on
aligned fibres cells attached along nanofibres. Scale bars=25µm

6.3 Proliferation of PC12s on electrospun PLGA nanofibres
After examining the attachment of PC12s to electrospun PLGA nanofibres,
proliferation of the cells was examined, comparing TCP-PLL, random PLGA
nanofibres and aligned PLGA nanofibres. Following seeding, the cell number was
established using the PicoGreen assay after 4, 24, 48, 72 and 120 h of incubation.
The results showed that the cells seemingly stopped dividing on the polymer
scaffolds, whereas they proliferated on TCP-PLL (Fig. 6.4). There was no significant
difference in initial cell attachment (4 h) between random and aligned PGLA
nanofibre mats , but a significantly higher percentage of cells attached to TCP-PLL
(P<0.001). The cells proliferated on all surfaces within the first 48 h, followed by a
24 h phase where no proliferation took place as the cell numbers did not increase
between the 48 h and the 72 h time points (P>0.05). This was followed by further
proliferation on TCP-PLL (time point 120 h), no proliferation on aligned PLGA
nanofibres and a decrease in cell numbers on random PLGA nanofibres.
No cell migration into the scaffold was observed. Although the surface topography
is 3D, cells attach to the surface only which indicates that either the cells perceive
the nanofibrous surface as 2D or cell migration into the scaffold requires more time.
Although cell migration into an electrospun scaffold has been previously observed
with human adipose derived stem cells (Heydarkhan-Hagvall et al., 2008), PC12 cells
did not show such behaviour and remained on the surface of the nanofibrous mat
during proliferation.
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According to previous research, the rate of proliferation and differentiation of cells
on a material depend on the successful initial attachment of cells on the surface of
the material (el-Ghannam et al., 1995). Here, initial cell attachment was relatively
low thus leading to relatively poor growth of PC12 cells.
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Figure 6.4 Proliferation of PC12 cells on TCP-PLL, random and aligned PLGA nanofibres. Cell
numbers were obtained using Picogreen quantification kit. Data represent the mean  SEM (n=4)
and were analysed using Student’s t-test.

As the aim of this experiment was to promote neurite outgrowth, proliferation of
neuronal cells was not the major aim and for that reason not considered a major
drawback. Additionally, in the damaged spinal cord cell division of damaged cells is
not taking place, instead extension of axons along the scaffold is highly desirable.
Nevertheless proliferation was present during the 4-48 h period after seeding. It
would be interesting to know why the cells did not proliferate. Normally, these cells
stop dividing and start growing neurites after addition of NGF, which was not the
case here. It is possible that the cells may perceive the topography of the scaffold as
a cue for differentiation and stop dividing, although there is no evidence in the
literature for PC12s behaving in such a way. Thus, this effect needs to be further
investigated.
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6.4 Differentiation of PC12s on electrospun PLGA nanofibres
Once attachment and proliferation of PC12s on electrospun PLGA was analysed,
their differentiation on random and aligned PLGA nanofibres was investigated. The
parameters recorded included the number of neurite bearing cells, the number of
neurites per cell, the length of neurites and the angle of neurites outgrowth along
nanofibres. In order to measure neurite outgrowth on electrospun fibres, cells were
seeded onto random and aligned PLGA fibres at a density of 50,000 cells/cm 2. After
4 hours attachment in FCS-free medium, medium containing 1% FCS and 40ng/ml
NGF was added and cells were allowed to differentiate for seven days. After seven
days, cells were stained with ethidium homodimer, calcein AM and Hoechst and
fixed with formalin. The cells were stained in order to quantify cell survival as well
as for visualisation of neurite extension as calcein molecules diffuse across the
membrane, get trapped inside and give out strong green fluorescence (Gatti et al.,
1998). The length of neurites was analysed using ImageJ.
When comparing neurite outgrowth on random fibres and aligned fibres, it was very
clear that neurites grew along aligned fibres (Fig 6.5, 6.6 and 6.7), showed less
branching and were longer than those on random fibres. These three parameters
were quantified. Figure 6.5 shows a whole image obtained using fluorescence
microscopy. The cells were stained with the nuclear stain Hoechst and calcein AM
which fluoresced green and visualised the cell body and the neurites. Figure 6.6
(A+C) shows two PC12 cells which differentiated on random nanofibres. These cells
had two or three neurites which extended in random directions. Additionally, the
neurites showed intensive branching. Figure 6.7 shows PC12 cells which
differentiated on aligned PLGA nanofibres. These cells had predominantly one to
two neurites per cell, longer neurites (for detailed quantification of neurite length
see Fig. 6.8) and extended along the orientation of the fibre (for detailed
quantification of alignment see Fig. 6.9).
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A

B

Figure 6.5 Neurite outgrowth of PC12s. Neurite outgrowth of PC12s was compared (A) on random
and (B) on aligned PGLA nanofibres. Cells were allowed to differentiate in cell culture medium
supplemented with 1% FCS and 40ng/ml NGF. Cells were stained with hoechst (blue), calcein AM
(green) and ethidium homodimer (red). Scale bar=200μm.
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Figure 6.6 PC12s on random PLGA nanofibres. The measurement of neurite length (neurites longer
than cell body diameter and longest branch were measured) (B + E) and angle of neurite outgrowth
(C + F) were measured using ImajeJ. Cells were allowed to differentiate in cell culture medium
supplemented with 1% FCS and 40ng/ml NGF for 7 days. Cells were stained with Hoechst (blue),
calcein AM (green) and ethidium homodimer (red). Scale bar=10m.
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Figure 6.7 PC12s on aligned PLGA nanofibres. The measurement of neurite length (neurites longer
than cell body diameter and longest branch were measured) (C + D) and angle of neurite outgrowth
(E + F) were measured using ImajeJ. Cells were allowed to differentiate in cell culture medium
supplemented with 1% FCS and 40ng/ml NGF for 7 days. Cells were stained with Hoechst (blue),
calcein AM (green) and ethidium homodimer (red). A + C + E scale bar=10m, B + D + F scale
bar=20m.

6.4.1 Electrospun PLGA nanofibres influence differentiation of
PC12s
The differentiation of PC12 cells on random and aligned PLGA nanofibres was
investigated.
Number of neurites
The first differentiation parameter of interest was the number of neurites per cell.
For this, the total cell number and the number of neurite bearing cells on TCP-PLL,
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random and aligned PLGA nanofibres were compared. The number of neurite
bearing cells was 555% and 686% on random and aligned fibres, respectively, but
only 168% on TCP-PLL (Fig 6.8), indicating a positive topographical effect on neural
differentiation provided by the polymer scaffold. The data revealed that the
number of neurite bearing cells was significantly higher on the polymer compared
to TCP-PLL. These results also demonstrated that a significantly higher number of
neurite bearing cells were present on aligned fibres compared to random fibres.
This effect was also previously described by Lee and colleagues (Lee et al., 2009),
who investigated PC12 cell differentiation on electrospun PLGA coated with
polypyrrole (PPy).
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Figure 6.8 Proportion of neurite-bearing cells. Cells were grown on TCP coated with PLL, PLGA
random and aligned fibres. After 7 days exposure to 40ng/ml NGF, pictures were taken of each
sample and total number of cells and the number of neurite bearing cells were counted using “Cell
Counter” an ImageJ plug in. Total number of cells/picture was set as 100% for each image. The
experiment was repeated three times with three representative wells per surface. 10 random images
were taken per well. *** P<0.001, * P<0.05.

After determining the number of neurite bearing cells, the number of neurites per
cell was investigated on random and aligned PLGA nanofibres. The neurites per cell
were counted after seven days of exposure to NGF. The cells differentiating on
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aligned fibres have predominantly one to two neurites whereas cells on random
fibres have up to eight neurites (Fig 6.9).
These data demonstrates the effect of topographical features on differentiation of
PC12s. If given the chance, cells will grow in random directions, as is the case on
random nanofibres. But if the topography provides distinct cues, as is the case on
aligned nanofibres, PC12 cell will reduce the number of neurites according to the
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Figure 6.9 Aligned fibres reduce number of neurites per cell. Number of neurites per cell after 7
days exposure to 40ng/ml NGF. Cells on random fibres have up to eight neurites per cell, whereas
cell on aligned fibres have only up to three neurites per cell. 10 random images were taken per well.
**P<0.01. Data represent the mean  SEM (n=3) and were analysed using Student’s t-test.

Analysis of neurite length
The next parameter to be assessed was the length of neurites. Neurites on random
fibres were shorter than those on aligned fibres (Fig. 6.10). On aligned fibres
neurites extended up to 450µm after exposure to NGF for 7 days, whereas on
random fibres neurites grew up to 200µm. The mean length of neurites on aligned
fibres was 184±119µm, while on random fibres the mean length of neurites was
59±33µm. Similar results were obtained in other studies when seeding PC12 cells on
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micropatterned laminin surfaces (Tai and Buettner, 1998, Leach et al., 2007, Kim et
al., 2006b). Kim and co-workers showed that PC12 cells grow neurites of 8040m
on aligned PLGA (50:50) microfibers (3-5m diameter) after 4 days exposure to
50ng/ml NGF. The data presented here was recorded after 7 days exposure to
40ng/ml NGF, which is comparable to Kim (2006) where after half the time (4 days
compared to 7 days used in this study) neurites reached nearly half (8040µm) of
the neurite length presented here (184119µm). Neurite outgrowth could be
explained with the rearrangement of proteins already present in the PC12s prior to
NGF exposure thus longer neurites are not due to differences in protein synthesis.
Longer neurites on aligned PLGA nanofibres can be explained by fewer neurites
emerging from the cell than on random PLGA nanofibres. Previous published data
described a twofold increase, from day 3 and day 9 of the experiment, in
microtubule mass in parallel with neurite extension indicating the assembly of
microtubules during differentiation (Drubin et al., 1985). Analysis was only
performed for random neurite outgrowth and needs confirmation for outgrowth on
aligned substances. Thus the lower number of neurites cannot be explained with
the rearrangement of proteins already present within the cells prior to NGF
exposure but could be due to the rate of protein production and the amount of
protein available in combination with topographical cues.
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Figure 6.10 Random fibres restrict neurite extension. Length of neurites on random and aligned
PLGA fibres was measured after 7days exposure to NGF. 10 random images were taken per well.
**P<0.01. Data represent the mean  SEM (n=3) and were analysed using Student’s t-test.

Directional outgrowth of neurites
The most important effect of the electrospun fibres apart from the cell attachment
effect was their influence on directional outgrowth of the neurites. The same data
that was used to analyse the number of neurite bearing cells and number of
neurites per cell was used to analyse the alignment of neurites along fibre
orientation. The orientation of the electrospun fibres was set at 0, and the angle of
neurite extension was determined relative to this. As the data in figure 6.11 shows,
the angle distribution of PC12 cell neurites on random fibres indicated no particular
directional bias and differed significantly (P<0.05) from neurite angle distribution on
aligned fibres, where a high proportion of neurites grew within 30 degrees of
parallel.
When neurites start to sprout, a growth cone is formed out of which filopodia and
lamellipodia emerge and explore the surrounding extracellular environment
(Mahoney et al., 2005). The direction of neurite outgrowth is determined by
traction which is formed by mictrotubules and actin filaments within the
cytoskeletal structures. The strength of traction exerted by a filopodia determines
119

Marina Krämer

the direction of neurite outgrowth (Tan and Saltzman, 2002). Philopodia emerge
from the cell uniformly in all directions when cells are cultured on glass surface,
whereas parallel orientation to microchannels has been observed by Mahoney and
colleagues suggesting that the topography, more precisely the walls of the
microchannels, set the angles over which microtubules and actin filaments within
the growth cone accumulate, assemble and orient to advance the extending neurite
(Mahoney et al., 2005). It seems that not only channel walls but electrospun
nanofibres have the same effect on neurite outgrowth of PC12 cells.
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Figure 6.11 PC12 cell neurites extend along electrospun fibres. Number of neurites (%) is presented
and their directional outgrowth on random and aligned PLGA nanofibres. The angle values were
established in 15 degrees angle bins, with 0 and 180 degrees being completely parallel and 90 and
270 degrees being completely perpendicular. Data represent the mean values (n=3).The angle
distribution of PC12 cell neurites on random fibres indicated no particular directional bias and
differed significantly (P<0.05) from neurite angle distribution on aligned nanofibres, where a high
proportion of neurites grew within 30 degrees of parallel. Data represent the mean (n=3) and were
analysed using Student’s t-test.
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To date, there is only one study published on PC12 cell attachment to aligned PLGA
fibres coated with polypyrole (PPy), an electroconducting polymer (Lee et al., 2009).
Lee and co-workers have shown that PPy-PLGA supported growth and proliferation
of PC12s. Upon stimulation with a potential of 10mV/cm and no addition of NGF,
PC12 cells exhibited 40-50% longer neurites length and 40-90% more neurite
formation compared to unstimulated cells on the same scaffold. Furthermore,
stimulation on aligned PPy-PLGA fibres resulted in more neurite-bearing cells as
well as longer neurites compared to random PPy-PLGA fibres. The work presented
here is the first published study that investigated in detail the differentiation of
PC12s on aligned, unmodified electrospun PLGA nanofibres. The work undertaken
by Lee and colleagues supports the presented results here, even though the cells
differentiate on polypyrrole and not on PLGA. This suggest that that the main factor
affecting neurite length and number of neurite bearing cells is the topography of
the scaffold, in particular the alignment of the PLGA nanofibres.
When taking into consideration the results from chapter 4, it becomes clear that
there is a relation between surface chemistry and surface topography, both
affecting the behaviour of PC12s.

6.5 Further considerations
At the present time in vitro experiments using primary sensory and motor neurons
on PLLA (Corey et al., 2008), dorsal root ganglia (DRGs) on PLLA (Wang et al., 2009),
chick DRGs on poly-caprolactone (Schnell et al., 2006) and neural stem cells on PLLA
(Yang et al., 2004) have demonstrated the ability of aligned fibres to support
directed neurite outgrowth compared to random fibres. Random axon outgrowth
on random nanofibres was previously described by various publications (Yang et al.,
2005, Foley et al., 2005) and was an expected outcome of this study. Yang and
colleagues have demonstrated random and aligned neurite outgrowth of neural
stem cells (neonatal mouse cerebellum C17.2 stem cells) on PLLA showing the effect
of aligned nanofibres on a different neural cell line. Foley and colleagues
demonstrated the effect of grooves and ridges of micro- and nanoscale (widths
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ranging from 70 to 1900nm) on differentiation of PC12 cells. They observed that
ridge widths of ≤400nm augmented neuritogenesis whereas ridge widths of
≥850nm suppressed neuritogenesis.
The reason for using electrospinning is to form a scaffold that mimics the ECM
based environment as found in vivo as opposed to inhibitory cues present in the site
of injury, including the glial scar. Work with electrospun materials has supported
this purpose as the resulting nanofibres have a high surface to volume ratio, high
porosity and high interconnectivity. All those parameters are necessary and
indispensable for cellular attachment and proliferation (Li et al., 2002). This chapter
describes the topographical effect of PLGA nanofibres on PC12 cells. Although not
grooves, electrospun fibres have a similar effect on PC12 cells, they greatly affect
neuritogenesis.
The behaviour of other neural cells has been investigated with the aim of evaluating
an implant for PNS regeneration. It has been shown that aligned nanofibres support
directional axonal outgrowth and glial cell migration (Schnell et al., 2007). A further
publication describes the effect of aligned nanofibres on astrocytes’ growth rate,
morphology and alignment (Gerardo-Nava et al., 2009). Taking all the results
together, electrospun PLGA nanofibres may be a promising start when
manufacturing a spinal cord implant, as they provide topographical cues and
promote neurite outgrowth in PC12s.

6.6 Conclusion
PC12 cells were used as a model for neurite outgrowth on electrospun random and
aligned PLGA nanofibres. For that, cells were seeded onto random and aligned PLGA
nanofibre mats and analysed to determine attachment, proliferation and
differentiation. It was shown that the fibre mats did not support cell proliferation
but they did support cell attachment and differentiation when compared TCP.
When comparing random and aligned nanofibres, it was clear that neurite
outgrowth was directed by the orientation of the nanofibres. Additionally, more
neurite bearing cells were present on aligned fibres and cells extended longer
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neurites on aligned nanofibres compared to random nanoifibres. As the aim was to
create an implant that directs neurite outgrowth, minimising the distance for
neurites to cover, aligned electrospun nanofibres are likely to be a material of
choice for future nerve regeneration approaches.
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7. ENGINEERING BIOMATERIALS:
MODIFICATION OF PLGA NANOFIBRES BY
INCORPORATION OF BIOACTIVE MOLECULES
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7.1 Introduction
The work presented in this chapter focuses on incorporation of bioactive molecules
into PLGA nanofibres and the potential of the newly created scaffold for nerve
tissue engineering. PLGA is widely used in tissue engineering due to its ideal
biocompatibility and degradation rate. Nevertheless it has some drawbacks such as
its low hydrophilicity and conductivity. These characteristics can potentially be
improved to make PLGA an ideal polymer, by for example surface modification,
coatings or incorporation of substances into the scaffolds, such as other polymers
or bioactive moieties. The process of electrospinning offers the option of spinning
various mixtures. The newest development is the electrospinning of emulsions
where aqueous and oil phases are mixed prior to electrospinning. The ability to
introduce biological moieties into electrospun fibres opens a new opportunity for
scaffold modification including delivery of therapeutically active agents to the site
of injury. In this chapter, a water-in-oil emulsion was electrospun where the water
drops contained poly-L-lysine (PLL) with an organic phase of PLGA dissolved in
CHCl3:MeOH (3:1).

7.2 PLL incorporation into PLGA nanofibres
PLL is used as a coating for cell culture and increases cell attachment of PC12 cells
to TCP. Its effect on PC12 cell differentiation after incorporation into PLGA
nanofibres was investigated. For this, random PLGA-PLL nanofibres were produced
using emulsion electrospinning. Random nanofibres were used as they can be
produced faster and on a larger scale than aligned fibres. In order to demonstrate
the presence of PLL in the electrospun scaffolds, FITC-PLL was added to the aqueous
phase. The FITC molecule emits light at 518nm (green fluorescence) when exposed
to light at an excitation wavelength of 494nm. Nanofibres without FITC-PLL but with
PLL did not fluoresce, whereas nanofibres with FITC-PLL displayed green
fluorescence (Fig 7.1). As proteins and other biomolecules are susceptible to
denaturation when exposed to solvents and high electrostatic forces, these assays
confirm the presence of PLL after being exposed to solvents and electrostatic
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forces, though further analysis, such as western blot, is necessary to investigate the
presence of native protein.
The extent of labelling was 0.003-0.01 mol FITC per mol lysine monomer according
to the manufacturer’s information resulting in intensive green fluorescence fibres,
also showing that more lysine has been incorporated than is possible to visualise
using this labelling method. Theoretically, PLL that has not been labelled with FITC
has also been incorporated, the exact amount of which still requires further
quantification.

Figure 7.1 Visualisation of FITC-PLL in electrospun PLGA nanofibres. (A) Fluorescent image of
electrospun fibres with FITC-PLL, (B) phase contrast image of same fibres as in A. (C) Fluorescent
image of PLGA nanofibres with PLL. (D) phase contrast image of same nanofibres as in C. 10% PLGA
in CHCl3:MeOH (3:1), 1.1mg/ml PLL, 42ug/ml PLL-FITC (without PLL-FITC in C and D) in water/oil
phase ratio 1/18. Scale bar=100μm.

7.3 Morphology of modified nanofibres
For incorporation of PLL into electrospun PLGA fibres, emulsions were prepared and
compared to electrospun PLGA-dH2O emulsions. The morphology of the resulting
fibre mats was analysed using SEM (Fig 7.2). The resulting samples showed that
126

Marina Krämer

beads were present in the nanofibres when electrospinning PLGA-dH2O. This
indicates that the reduction of feeding rate from 3ml/h to 2ml/h resulted in bead
formation. The feeding rate has to correspond to a given voltage to maintain a
stable Taylor cone. A stable Taylor cone is maintained when the feeding rate is
equal to the rate at which a solution is removed by electrical force. Beads can also
be formed when the feeding rate is too high, making the investigation of an
optimum feeding rate essential for uniform fibres (Gunn and Zhang, 2010).
Furthermore it is possible that by adding water to the electrospinning solution the
viscosity changes resulting in bead formation. The effects of viscosity are discussed
in detail in chapter 5. The beads disappeared as soon as PLL was added to the water
phase (Fig 7.2B). This is possibly due to the additional charges that the molecules
(PLL) introduce into the electrospinning solution. The cations and anions present in
the emulsion increase the elasticity of the whipping jet which stabilises and this
prevents rupturing and droplet formation.
The fibre mats presented here were produced by electrospinning the polymer
emulsion for no longer than 30 min. Phase separation of the water and oil phases
occurred when the solution was left in the syringe for a longer period of time. As a
solution, surfactants are normally used as means of stabilising the emulsion, which
results in no separation or a longer period of time until separation occurs (Liao et
al., 2008). This was attempted by incorporating Span80 into the emulsion. The
surfactant did stabilise the emulsion, as it took up to twice as long for the water and
phase to separate, but it had a droplet deposition effect on the resulting fibre mats
(Fig. 7.3). This effect could not be eliminated by increasing the concentration of the
polymer or modifying the process parameters, thus span80 was excluded from
further experiments. Span80 is a non-ionic surfactant and emulsifier and should not
have an effect on electrospinning in terms of providing additional charges to the
solution. It may though have an effect on solution viscosity as it is an oily liquid with
a viscosity of 1200-2000mPaS (Sigma-Aldrich). Further, it is possible that the surface
tension of Span80 is stronger than the electrostatic force which fails to stretch the
surfactant resulting in droplet formation.
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Figure 7.2 Morphology of electrospun naofibre mats produced from PLGA (A) and PLGA-PLL (C).
The arrows point out the droplets formed during electrospinning of PLGA-dH2O emulsion. The
nanofibre mats were produced from emulsions with dH2O (A) and PLL in dH2O. Scale bar=50μm.
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Figure 7.3 Incorporation of Span80 results in droplet deposition. PLGA nanofibres electrospun with
(A) and without (B) Span80. Scale bar=100m.
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To conclude, PLGA-dH2O and PLGA-PLL nanofibres were produced and analysed
verifying the presence of PLL using fluorescence labelling. As the addition of dH 2O
to PLGA polymer solution resulted in bead formation these samples were not used
for cell culture studies, but PLGA only fibres were, as those fibres had a more
uniform morphology. Samples produced with Span80 were also excluded from
further experiments due to droplet deposition within the fibrous mats.

7.4 Effect of incorporated molecules on nanofibre diameter
In order to quantify the morphology of the nanofibre mats, the fibre diameter was
measured to establish whether incorporation of the different molecules had an
effect. The electrospinning settings were kept the same for each emulsion, i.e.
applied voltage of 15kV, flow rate of 2ml/h, and needle-collector distance of 11cm.
SEM images of electrospun nanofibres were taken and analysed using ImageJ (Fig
7.4). Four images per sample were analysed and three diameter measurements per
fibre were recorded. The measurements were analysed using Microsoft Excel and
the results are presented in Figure 7.5. Electrospinning PLGA resulted in the
thinnest fibres with a mean diameter of 576158nm, and the thickest fibres were
produced with PLGA-PLL with a median diameter of 825187nm. The nanofibres
produced using the PLGA-PLL emulsion had a significantly larger fibre diameter than
those produced using PLGA (P<0.001). The final concentration of PLL in the
electrospinning solution was 0.053mg/ml. Theoretically, at a feeding rate of 2ml/h
and with 1ml electrospun after 30min, 0.053mg of PLL were incorporated into each
sample of 105mg of polymer, and 0.505µg of PLL per 1mg of produced PLGA
scaffold. As no other parameter except the solute was changed, the fibre diameter
increase can only be attributed to the presence of PLL. When electrospinning
emulsions it was expected that thinner fibres would be obtained compared to nonemulsions, as the water phase reduces the viscosity of the solution which was not
the case here.
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Figure 7.4 Analysis of nanofibre diameter. SEM images of PLGA and PLGA-PLL nanofibres were
imported into ImageJ. The scale was set and at least three measurements per fibre (white-numbered
lines) were recorded, with ten images being analysed per sample solution. The recorded data was
processed using Microsoft Excel.
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Figure 7.5 Fibre diameters of modified PLGA nanofibres. 10 random SEM images of the electrospun
PLGA and PLGA-PLL fibrous mats were taken per sample with a minimum magnification of 4000x.
Fibre diameter analysis was conducted using ImageJ, analysing a minimum of 30 fibres per image.
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Sy and co-workers argue that in order to produce thinner fibres, the addition of a
water phase is sufficient as viscosity dropped from 0.113PaS (20% w/w PLGA in
chloroform) to 0.02PaS (2.5 vol % aqueous phase for the 10% (w/w) system) (Sy et
al., 2009), which is a fourfold drop in viscosity for reducing the polymer
concentration by factor two. In the current research, the fibre diameter did not
decrease and it even increased with the addition of PLL by circa 250nm on average.
PLL can also have an effect on fibre diameter and morphology changes (less
beading), which can be explained by increased conductivity of the polymer solution
(Kenawy et al., 2002).
To conclude, the addition of PLL to the electrospinning solution resulted in a 250nm
diameter increase of the resulting electrospun nanofibres.

7.5 Hydrophilicity of electrospun PLGA nanofibre mats
In order to establish the effect of incorporated molecules on the hydrophilicity of
the nanofibre mats, the water contact angles of PLGA and PLGA-PLL nanofibres
were compared. A 5µl droplet of distilled water was deposited on the scaffolds’s
surface and an image was obtained (Fig. 7.6 A+B), followed by analysis using ImageJ.
The contact angles measured were 1202 for PLGA and 11713 for PLGA-PLL
nanofibres (Fig 7.6 C). Contact angles did not show any significant difference from
each other indicating no effect of the incorporated substances on hydrophilicity of
the nanofibrous mats (P>0.05).
The bigger error bar for PLGA-PLL can be attributed to the incorporation of PLL.
Although the fluorescent image shows an even distribution of fluorescent fibres and
consequently FITC-PLL (Fig. 7.1) only a small amount of PLL was labelled. It is
possible that the non-labelled PLL formed aggregates throughout the fibres leading
to a non-even distribution and leading to variances between the measurements.
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Figure 7.6 Water contact angle of electrospun PLGA nanofibre mats. Distilled water was deposited
onto the surface of fibre mats consisting of PLGA (A) and PLGA-PLL (B). The contact angles measured
for PLGA were 1202 and 11713 for PLGA-PLL fibres (C). Images were analysed using ImageJ
software. Contact angle for the samples did not show any significant difference (Student’s t-test,
P>0.05) indicating no effect of the incorporated substances on hydrophilicity of the fibrous mats.

These results imply that the incorporated molecules had little effect on the
hydrophilicity of the nanofibre mats. The lack of contact angle change can be
explained by the fact that the bulk of incorporated molecules were encapsulated
inside the fibre and none or a small amount of functional groups were present on
the surface. It was attempted to quantify the amount of FITC-PLL in the nanofibres
using infrared measurement and NMR but the results were inconclusive. One of the
obstacles was the dilution of the sample for the procedures and filtration of nondiluted parts which may have resulted to removal of PLL from the samples. A solidstate NMR may be attempted making further dilutions of the polymer sample not
necessary eradicating further potential degradation. Other methods to detect PLL
include using high-performance liquid chromatography (HPLC) and ninhydrin
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(triketohudrindene hydrate) colorimetric method which leads to oxidative
deamination of alpha-amino groups resulting in a purple substrate that absorbs
maximally at 570nm.
A report by Lamour and colleagues claimed that glass coated with PLL has a contact
angle of 0, thus PLL should improve the hydrophilicity of the polymer and decrease
the contact angle (Lamour et al., 2009). This was not confirmed with the results
achieved in this study. This was probably due to the small amount of PLL used,
being not enough to result in contact angle decrease.
In the past, encapsulation of, for example, gelatin within PCL (Zhang et al., 2004)
and BSA-PEG within PCL (Zhang et al., 2006) was only achieved by coaxial
electrospinning (Zhang et al., 2004) and same solvent systems (polymer and the
encapsulated molecule where dissolved in the same solvent), whereas recently, it
has been reported that core-shell structures were created using emulsion
electrospinning (Xu at al., 2006). Xu and co-workers have created core-shell
structures by electrospinning a water-in-oil emulsion in which the aqueous phase
consisted of a poly(ethylene oxide) (PEO) solution in water and the oil phase
consisted of a poly(ethylene glycol)-poly(L-lactic acid) (PEG-PLA) diblock copolymer
in chloroform solution. The PEO was encapsulated within the fibre with a clear
boundary between the aqueous and oily phases. In order to investigate where the
same was true for PLL, it would be indispensable to visualise PLL within the fibres.
As PLGA is not transparent visualisation of fluorescent molecules within the fibre is
difficult. There may be structural differences present within the fibres which can be
investigated using SEM and transmission electron microscopy (TEM).
Taking everything into consideration, it should not be forgotten that fluorescent
PLGA-PLL fibres were obtained (Fig. 7.1) indicating that PLL may be present
throughout the fibre, within as well as on the surface.

7.6 Cell attachment to poly-L-lysine-containing PLGA nanofibres
After completing the characterisation of the nanofibre mats, work proceeded to cell
attachment studies. For this, PC12 cells were seeded onto the polymer nanofibre
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mats at a density of 50,000 cells/cm2 and left to attach for 4 h, the standard time for
cell attachment experiments throughout this work. Prior to seeding, cells were
stained with Vybrant cell tracker and after attachment images were taken of cells
on the polymer nanofibres using fluorescent microscopy. These images were
analysed using the plug-in “cell counter” in ImageJ.
Cell attachment results are presented in figure 7.7. Cell attachment to PLGA and
PLGA-PLL fibre mats were not significantly different from each other with 17±7%
and 20±11% of seeded cells, respectively. When comparing results from previous
chapters it becomes apparent that cell attachment did not increase when
comparing PLGA flat sheet membranes to electrospun PLGA with 20±7% of seeded
cells attaching to PLGA flat sheet membranes which is not significantly different to
17±7% (P>0.05).
PLL is known to enhance adsorption of serum or ECM proteins to the culture
substrate, which results in increased cell attachment (McKeehan 1984). Cell
adhesion to PLL is non-specific; it is the result of the negatively charged cell
membrane which binds to the highly positive surface charge provided by PLL. It is
possible that the amount of PLL present in the nanofibrous sample was not
sufficient to increase cell attachment or that the majority of PLL was trapped within
the nanofibres.
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Figure 7.7 Cell seeding efficiency on electrospun PLGA and PLGA-PLL nanofibre mats. PC12 cells
attach equally to PLGA and PGLA-PLL fibres. Data represent the mean ± SEM (n=4) and was analysed
using the Student’s t-test (P>0.05).

Although cell attachment to PLGA-PLL fibres was not significantly different to PLGA
fibres, PC12 cell morphology differed. Cells attaching to PLGA-PLL fibres spread out
more than those on PLGA fibres (Fig 7.8), resulting in higher contact surface. This
effect may have been due to the PLL in the PLGA-PLL nanofibres which increases the
strength of adhesion within a shorter period of time. One way to investigate this
effect is to produce PLGA only nanofibres with the same diameter as the PLGA-PLL
nanofibres used here and quantify cell spreading of single cells. It is also possible
that PC12s might behave the same on PLGA nanofibres as on PLGA-PLL fibres when
left to attach for longer than 4 hours.
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A

B

Figure 7.8 PC12 cells on electrospun PLGA and PLGA-PLL nanofibre mats. Representative images of
PC12 cells seeded onto nanofibre mats and allowed to attach for 4 h. SEM images revealed that cells
on PLGA fibres (A) remained round, whereas cells on PLGA-PLL spread out on the surface and had a
higher surface contact (B).

7.7 Differentiation of PC12 cells on modified nanofibre mats
In order to examine differentiation of PC12 cells on modified nanofibre mats, cells
were seeded onto the scaffolds and exposed to NGF, which was added to 1% FCS
containing culture medium, and allowed to differentiate for seven days. Cells were
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stained with calcein AM, ethidium homodimer and Hoechst in order to visualise and
analyse the cells using fluorescence microscopy. Additionally, further samples were
fixed and stained for SEM analysis.
Qualitative results revealed that although cells did differentiate on both PLGA and
PLGA-PLL nanofibres, cells that differentiated on PLGA-PLL extend their neurites
into the scaffold, whereas neurites of cells on PLGA remained on the surface of the
nanofibre mat (Fig. 7.9). Cells are able to migrate through the porous structure of
the scaffold by pushing the fibres to the side and expanding the pore, as the thin
fibres offer little resistance thus not preventing cell migration (Li et al., 2002).
Penetration of cells into the nanofibres was also observed by others, for example
describing fibroblast on gelatin-PCL scaffolds penetrating the scaffold (Zhao et al.,
2007). Here, cell bodies were on the surface of the fibrous mat whereas the
neurites penetrated the scaffold (Fig 7.9B). Cell migration may have occurred over a
longer period of incubation.
PC12 cell differentiation was analysed on random and aligned PLGA and PLGA-PLL
nanofibres according to three parameters: number of neurites per cell (Fig 7.10 and
7.11), alignment of neurites along fibres (Fig 7.12 and 7.13) and length of neurites
(Fig 7.14 and 7.15). For this, PC12 cells were seeded onto random and aligned PLGA
and PLGA-PLL nanofibre mats, and differentiation was induced using NGF.

7.7.1 Number of neurites
The incorporated PLL did not have an effect on the number of neurites per cell (Fig
7.10 and 7.11), with an average number of neurites being 4.32.1 and 4.51.8 on
random fibres and 1.50.5 and 1.70.3 on aligned fibres for PLGA and PLGA-PLL
respectively.
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Figure 7.9 Differentiation of PC12 cells on electrospun PLGA and PLGA-PLL nanofibre mats. (A)
PC12 cells on PLGA nanofibres. (B) Neurite extension on PLGA-PLL fibres. On PLGA-PLL neurites grow
into the scaffold whereas on PLGA fibres neurites stay on the surface of the fibres.
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Figure 7.10 Number of neurites on random nanofibres. Number of neurites per cell on random
electrospun PLGA and PLGA-PLL fibre mats after 7 days exposure to 40ng/ml NGF. *P<0.05. Data
represent the mean  SEM (n=3) and were analysed using Student’s t-test.
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Figure 7.11 Number of neurites on aligned nanofibres. Number of neurites per cell on aligned
electrospun PLGA and PLGA-PLL fibre mats after 7 days exposure to 40ng/ml NGF. *P<0.05. Data
represent the mean  SEM (n=3) and were analysed using Student’s t-test.

Although no difference in number of neurites between PLGA and PLGA-PLL was
established, the number of neurites on random PLGA and PLGA-PLL nanofibres was
significantly higher compared aligned PLGA and PLGA-PLL nanofibres (P<0.05).
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These results show that PLGA-PLL nanofibres affect neurite sprouting in the same
way as PLGA fibres without any neurite sprouting inhibitory/promoting effects.
Further statistical analysis revealed that the number of cells with one neurite on
random PLGA-PLL nanofibres was significantly lower than on random PLGA
nanofibres (P<0.05). Additionally, the number of cells with three neurites on aligned
PLGA-PLL nanofibres was significantly higher than on aligned PLGA nanofibres
(P<0.05). It seems that although the average of neurites per cell does not differ
significantly, when looking at numbers in more detail it becomes apparent that
small differences are present which can be attributed to PLL. It may be that cells
seeded on PLGA-PLL nanofibres require less time to grow more than one neurite.
Saying that, cells on PLGA nanofibres had the highest number of neurites per cell
with eight neurites being the highest number counted in all experiments.
The error bars for all numbers obtained on PLGA-PLL are relatively large indicating
high variances within the results. More data could lead to reduction of error bars.
These results indicate that PLL did not influence neurite outgrowth of PC12 cells on
electrospun PLGA nanofibres. As PLL is not known to have effects on neurite
sprouting these results were not unexpected.

7.7.2 Directional outgrowth of neurites
The alignment of PC12 cell neurites on random and aligned PLGA and PLGA-PLL
nanofibres was recorded using ImageJ and analysed using Microsoft Excel. The
angle values were established in 15 degree angle bins, with 0 degrees being
completely parallel and 90 degrees being completely perpendicular.
The angle distribution of PC12 cell neurites on random fibres indicated no particular
directional bias on neither random PLGA nor random PLGA-PLL nanofibre mats
(P>0.05) (Fig. 7.12). The angle distribution of PC12 cell neurites on aligned fibres
show a significant proportion of neurites, 79.2±2.3% on PLGA and 60.6±0.4% on
PLGA-PLL, within the ±15 degrees along the 0-180 axis, indicating an alignment of
neurites along electrospun fibres as 0º was set as the orientation of electrospun
nanofibres (Fig. 7.13).
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Figure 7.12 Alignment of neurites on random PLGA and PLGA-PLL nanofibres. Number of neurites
(%) is presented and their directional outgrowth on random PLGA and PLGA-PLL nanofibres. The
angle values were established in 15 degrees angle bins, with 0 and 180 degrees being completely
parallel and 90 and 270 degrees being completely perpendicular. The angle distribution of PC12 cell
neurites on random nanofibres indicated no particular directional bias. Data represent the mean
(n=3) and were analysed using Student’s t-test.
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Figure 7.13 Alignment of neurites on aligned PLGA and PLGA-PLL nanofibres. Number of neurites
(%) is presented and their directional outgrowth on aligned PLGA and PLGA-PLL nanofibres. The
angle values were established in 15 degrees angle bins, with 0 and 180 degrees being completely
parallel and 90 and 270 degrees being completely perpendicular. The angle distribution of PC12 cell
neurites on aligned nanofibres indicated directional outgrowth. Data represent the mean (n=3) and
were analysed using Student’s t-test.
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7.7.3 Analysis of neurite length
The next step was to analyse the length of neurites. On random nanofibres the
neurites extended for 5933µm on PLGA and for 11311µm on PLGA-PLL
nanofibres (Fig 7.14). On aligned nanofibres neurites reached mean lengths of
13285µm on PLGA and 25130µm on PLGA-PLL nanofibres, nearly a two fold
increase in mean neurite length (Fig 7.15). The number of neurites with the length
between 0 and 100µm is significantly higher on PLGA compared to PLGA-PLL
(P<0.01), whereas the number of neurites between the length of 101 and 400m is
significantly higher on PLGA-PLL nanofibres (P<0.01).
The results indicate that the PLGA-PLL nanofibres positively influenced neurite
sprouting from PC12 cells. The number of neurites on PLGA and PLGA-PLL fibres
does not differ significantly from each other thus cannot explain the longer
neurites. It may be possible that neurite outgrowth on PLGA-PLL is accelerated and
neurites on PLGA will reach the same length, but require more time.
To date, there are no reports in the literature describing the effect of PLL on neurite
outgrowth. But lysine is a component of the pentapeptide epitope isolucine-lysinevaline-alanine-valine (IKVAV), which is found in laminin and is known to promote
neurite sprouting and neurite outgrowth (Silva et al., 2004). Laminin has also been
conjugated with lysine to control attachment of hippocampal neurons (Kam et al.,
2001). Unfortunately controls have shown that hippocampal neurons extended
neurites on lysine-laminin but not on lysine patterned surfaces. On the other hand,
hippocampal cells were seeded onto 2D glass surfaces with micro-scale patterns of
PLL-conjugated laminin whereas PC12s were grown on a 3D surface, which might
affect the differentiation process. Of course it has to be considered that the effect
of PLL may be specific to PC12 cells and as there are not comparative reports
published, it is difficult to compare the data.
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Figure 7.14 Neurite outgrowth is enhanced on random electrospun PLGA-PLL nanofibres. The
length of neurites on random PLGA and PLGA-PLL nanofibres was measured after 7 days exposure to
NGF. 10 random images were taken per sample. The average length of neurites on PLGA was
5933µm and 11311µm on PLGA-PLL fibres. Data represent the mean  SEM (n=3) and were
analysed using Student’s t-test. **P<0.01.
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Figure 7.15 Neurite outgrowth is enhanced on aligned electrospun PLGA-PLL nanofibres. The length
of neurites on aligned PLGA and PLGA-PLL nanofibres was measured after 7 days exposure to NGF.
10 random images were taken per well. The average length of neurites on aligned PLGA fibres is
13285 µm and on PLGA-PLL nanofibres 25130µm, clearly showing the positive effect the PLGA-PLL
fibres have on neurite outgrowth. Data represent the mean  SEM (n=3) and were analysed using
Student’s t-test. ** P<0.01, ***P<0.001.
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It has been reported that positive surface charge has no effect on cell attachment of
mouse neuroblastoma cells (Nb2a) but resulted in significantly higher levels of
neurite outgrowth (Makohliso et al., 1993), indicating that cells other than PC12s
are affected by PLL. In addition, Tombran-Tink and Johnson reported that poly-Dlysine (PDL) initiates neuronal differentiation of Y79 human retinoblastoma cells
(Tombran-Tink and Johnson, 1989). PDL and PLL do not differ other than chirality,
suggesting that PLL may have the same effect as PDL on Y79 cells. Lysine-alanine
sequential polymer was shown to have a significant effect on process outgrowth of
neural stem cells (Wang et al., 2006). Blending PLL into chitosan films resulted in
higher cell attachment and higher degree of differentiation of PC12 cells compared
to non-modified films (Mingyu et al., 2004). 65% of the seeded PC12 cells attached
to the chitosan-PLL films compared to chitosan only films.
All these reports suggest that lysine may play a role in differentiation, but only in
combination with laminin or other amino acids. This raises the question if other
factors such as topography provide a means of differentiation.

7.8 Further considerations
The results presented in this chapter are promising for future therapies showing the
potential of using electrospinning. Although this form of experiments was a good
choice for in vitro studies, for in vivo experiments the scaffold has to fill the injury
site thus has to be bigger resembling the void at the site of injury. For this a further
factor for consideration can be the fixing of fibres in order to facilitate the
processing such as submerging in media and for handling during implantation
experiments.
In this study nanofibrous mats were cut to size and placed in tissue culture well
plates retained by silicon rings. Although this is a good means for cell culture
studies, for further experiments the scaffolds have to be securely fastened or fixed
to a substrate or to itself via a non-toxic adhesive. Adhesive bandages (Corey et al.,
2007), biocompatible “super glues” (Sun et al., 2007) and silicon glues (Yang et al.,
2004) have been investigated. This role can be taken up by a polymer instead, which
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means that the polymer only requires fastening during cell seeding. Also Corey and
colleagues have shown that bandage, silicon and super glue are toxic to the
neuronal types in serum free conditions (Corey et al., 2008). Ethanol can be used as
fixative for PLGA. Although it leads to degradation of the scaffold, short exposure
acts like glue and the degradation is limited. A preliminary test has confirmed the
successful use of ethanol when fixing electrospun PLGA nanofibres on PLGA flat
sheet membranes.
Electrospinning of emulsions is a fairly new technique with only a handful of
publications to date, including electrospinning solutions where the water phase is
added to the oil phase by droplets (Xu et al., 2006, Su et al., 2009) or the other way
round (Angeles et al., 2008). For example, Xu and colleagues have electrospun
poly(ethylene oxide) as the aqueous phase in chloroform solution containing the
amphiphilic poly(ethylene glycol)-poly(lactic acid) diblock copolymer (Xu et al.,
2006). On the other hand, Su and colleagues incorporated BSA into poly(l-lactidecocaprolactone) nanofibres (Su et al., 2009). More importantly, it has been shown
that emulsion electrospinning is an effective method to load drugs and functional
substances into the nanofibre scaffolds (Xu et al., 2006, Xu et al., 2008, Liao et al.,
2008).
Further investigations in close partnership with surgeons into handling methods of
the produced scaffold are necessary in order to guarantee non-destructive handling
of the scaffold.

7.9 Conclusion
In this chapter, it has been shown that incorporation of PLL is possible through
emulsion electrospinning. This is the first study that reports the incorporation of PLL
into electrospun PLGA nanofibres using electrospinning of emulsions. Additionally,
the resulting PLGA-PLL fibres support cell attachment and differentiation of PC12s
compared to PLGA only fibres. PLL is a poly peptide promoting adhesion of PC12
cells to various surfaces. It was shown that PLL in combination with a nanofibre
surface significantly influences neurites outgrowth of PC12 cells resulting in neurites
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up to 400µm in length. Importantly, emulsion electrospinning is a useful and easy
method to modify biomaterials to produce biomimetic scaffolds with both
biochemical and topographical cues.
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8. GENERAL DISCUSSION
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8.1 Introduction
Nerve injury, particularly to the central nervous system, can have traumatic
consequences such as permanent disability due to loss of motor function. Many
scaffold designs have been utilized in order to promote the growth of neurons
across areas of nerve injury, bridging the gap created by trauma and offering a
permissive environment for neuronal extension. PLGA has been widely used as a
scaffold material for tissue engineering applications, as it is biodegradable,
biocompatible and FDA approved. However, cell adhesion and growth can be
hampered due to the lack of natural adhesion sites on the polymer. The aim of the
project was to test PLGA for its ability to support cell adhesion, proliferation and
differentiation of nerve cells. PLGA flat sheet membranes were the starting point
providing physical support for cells while evaluating its cytocompatibility with
PC12s. Furthermore, PLGA flat sheet membranes were modified in order to improve
cell adhesion, using aminolysis, covalent attachment of adhesive peptides and
ozonation. Additionally, it was demonstrated that aligned PLGA nanofibres are a
suitable scaffold for nerve tissue engineering applications and their biological
properties can be improved by incorporating poly-L-lysin (PLL) in the polymer
matrix.

8.2 PLGA flat sheet membranes
Tissue engineering aims to develop and use biomaterials which are biocompatible
with the tissue of interest. This means that these materials have characteristics
which reflect the target tissue, including, cytocompatibility, genototixicity and
inflammatory response. In order to increase cytocompatibility of biomaterials new
techniques for surface modification post scaffold formation are being developed.
PLGA flat sheet membranes have previously been tested for bone cell lines and
were now firstly evaluated with PC12 cells, a neuronal model cell line. It is clear
from the data presented in chapter 4 that PLGA in the form of a flat sheet
membrane is not sufficient for cell attachment of PC12 cells as attachment did not
exceed 20±7% of seeded cells which is very low compared to numbers achieved on
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TCP-PLL (69±12%) and with osteogenic and human bone derived cells where cell
seeding efficiencies of 65-75% were achieved (Ellis and Chaudhuri, 2007, Ellis and
Chaudhuri, 2008). The lack of attachment was not entirely unexpected as PC12 cells
require coatings of TCP with for example PPL prior to seeding, a standard
polystyrene surface for cell culture to which many cells attach without any
additional coating.
Various surface modifications including aminolysis, peptide modification and
ozonation, were tested on PLGA flat sheet membranes in order to increase cell
attachment. Only the oligopeptide was used for peptide modification as the
addition of ECM components to the scaffolds has some limitations including nonuniform adsorption and reproducibility (Park et al., 2007). Although, various short
sequences derived from ECM components such as laminin and collagen have been
shown to increase cell adhesion the exact cell-ECM interactions are still not fully
understood. Further advance in this area might be achieved using ECM microarrays
which will help to understand the cell-ECM and cell-material interactions (Flaim et
al., 2005).
Cell attachment is an indirect indicator for successful surface modification, if it is
assumed that successful surface modification automatically results in higher cell
attachment. As higher cell attachment was not achieved it was assumed that
surface modification was not successful, although this should be confirmed in future
work. One of the weak points of chapter 4 is the lack of proof for successful surface
modification other than cell attachment, quantification of surface roughness and
wettability studies. It was not investigated how many amine and YIGSR-peptide
groups were present on the surface of PLGA flat sheet membranes thus it is not
possible to rule out a successful polymer modification without any effect on PC12
cell attachment behaviour, but the investigation of this possibility is discussed in
Chapter 9.
Although the modifications were not successful in increasing cell attachment, they
were a legitimate choice, as for example aminolysis was shown to increase
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cytocompatibility of polycaprolactone for human endothelial cells (Zhu et al., 2002)
and peptide modification of chitosan, by immobilisation of the YIGSR pentapeptide,
increased cell attachment and neurite penetration of rat superior cervical ganglion
neurons (Yu et al., 2007).
Despite low cell attachment results, PLGA flat sheet membranes can be used for
other cell lines (e.g. bone) where this material is already widely used and higher cell
attachment was achieved. Additionally, PLGA flat sheet membranes are robust to
handling and do not tear easily, which offers an advantage for implantation
procedures. That is why PLGA flat sheet membranes should not be ruled out as
scaffolds for CNS applications but further investigated for combination with
different scaffold structures, for example with electrospun nanofibres.

8.3 PLGA nanofibres
Although the results obtained from work with PLGA flat sheet membranes were
disappointing, PLGA as a polymer has great advantages in terms of ease of process,
biocompatibility and degradation rate and was further investigated in terms of
producing different types of scaffolds. To date, electrospinning has been used to
electrospin various polymers. The aim of electrospinning is to produce nanofibres
which mimic the ECM environment, especialy collagen fibres which are 500-3000nm
in diameter, thus increasing the cytocompatibility of biomaterials. 90% of the
interstitial matrix of the ECM consists of collagen. Collagen molecules comprise of
three polypeptide chains forming a triple helix of 300nm in length and 1.5nm in
diameter. These collagen molecules spontaneously self-assemble into fibrillar
collagens which then form larger fibrillar bundles (Kadler et al., 1996). On the
negative site, research has shown that collagen IV is present in the glial scar and
serves as binding site for growth-promoting factors as well as inhibitory molecules
and the inhibition of collagen IV results in axonal regeneration and functional
recovery in the spinal cord (Klapka and Muller, 2006). As electrospun nanofibres
mimic the physical structure and not the amino acidic sequences of collagen they
are unlikely to have inhibitory characteristics.
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The data presented in chapter 5 has shown that electrospinning parameters can be
adjusted to the polymer of interest, in this case PLGA, and random and aligned
nanofibres can be produced by choosing different collectors. Various parameters
such as the viscosity of the electrospinning solution, applied voltage and collectorto-needle distance were in correlation with the literature. Although the parameters
discussed in chapter 5 were optimized for a 10% (w/w) PLGA in CHCl 3:MeOH (3:1)
solution and the ambient parameters present in the laboratory at the point of
execution, these parameters are only valid for the laboratory and the equipment
used as laboratory equipment as well as ambient parameters vary in different
laboratories. This is a problem when attempting to reproduce results. Most
problematic was the investigation of the optimum solvent, as DMF and THF were
reported to be the solvent of choice for PLGA (Li et al., 2006, Nisbet et al., 2007,
Zhao et al., 2008, Bini et al., 2004, You at al., 2006) but did not result in uniform
nanofibres without bead formation. This shows that electrospinning, although
requiring a simple setup, is a sensitive technique, where parameters need
adjustment in relation to each other and the environment. Nevertheless, it is a
promising technique, especially for neural regeneration applications where aligned
nanofibres affect cell attachment behaviour and orientation of neural and Schwann
cells (Seidlits et al., 2008, Schnell et al., 2007) and as demonstrated in the work
presented here increase neurite outgrowth of neuronal model cell line (chapter 6
and 7).
For further modification of the scaffold PLL has been incorporated into electrospun
PLGA nanofibres using electrospinning of an emulsion. Theoretically, this form of
scaffold modification is not restricted to the surface as PLL is added to the
electrospinning solution prior to fibre formation. Although PLL is used to coat TCP
prior to seeded of PC12 cells in order to increase cell attachment, attachment of
PC12s did not increase on PLGA-PLL nanofibres (20±11%) compared to PLGA
nanofibres (16±10%), PLGA flat sheet membranes (20±7%) and PLGA flat sheet
membranes coated with PLL (23±14%).
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The incorporation of PLL into electrospun PLGA nanofibres is a novel approach and
has not been shown before. PLL incorporation resulted in larger fibre diameter,
825±187nm compared to 530±140nm for PLGA nanofibres. It is not clear from the
current state of research which fibre diameter is optimum for spinal cord repair,
thus it cannot be assumed that the increase of 295nm will have a negative effect on
regeneration. If there is a negative effect this can be outweighed by the increase in
neurite outgrowth achieved on PLGA-PLL nanofibres from 59±33µm to 113±11µm
on random PLGA-PLL nanofibres and from 132±85µm to 251±30µm on aligned
PLGA-PLL nanofibres. This effect achieved by PLL has not been previously reported.
Although electrospinning has potential there are still many challenges that have to
be overcome. A major one is the fabrication of complex scaffolds. At the moment
work focuses on nanofibrous mats. This mat-structure does not represent complex
3D tissue structures as cells are only seeded on the surface. The next step is to take
the lessons learned on nanofibrous mats and apply them to highly complex 3D
scaffolds which are representative of the host tissue. Factors such as mechanical
strength of the scaffold, cell survival within the scaffold and nutrients supply to the
cells within the scaffold need to be investigated in order to take electrospun
scaffolds to the next level and produce structures such as tubes. There is clearly the
need to move forward, but it is necessary to analyse effects of nano-architecture,
functionalization and interfacial properties on cell behaviour first.
It is likely that electrospinning will be of interest for future research; especially
further modifications of nanofibres to improve encapsulation of bioactive
molecules. After the work presented here was finished various papers appeared
presenting data about encapsulated molecules, such as proteinase K in
poly(ethylene glycol)-poly(L-lactide), and more relevant to nerve regeneration,
poly(L-lactide-co-caprolactone) fibrous mats with encapsulated NGF (Xu et al., 2010,
Li et al., 2010b, Li et al., 2010a). In this manner other substances can be
encapsulated into the electrospun fibres and applied to other tissues as well as to
the nervous system. Furthermore, patents were filed for electrospun PLGA
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nanofibres as drug delivery (Griswold et al., 2011) and cell delivery vehicles (Arinzeh
et al., 2010).

8.4 CELL CULTURE STUDIES
Cell adhesion is the most important factor in tissue regeneration as interactions of
cells with their surroundings can determine the cell fate. For example, it has been
shown that cells need a minimum surface area in order to survive (Chen and Hunt,
2007) and the nature of the surface area may control the formation of contacts with
the surroundings (Chen et al., 2003).
On an artificial surface such as biomaterials the process of attachment proceeds in
four steps (LeBaron and Athanasiou, 2000): (1) initial cell attachment, (2) cell
spreading, (3) organization of actin cytoskeleton and (4) formation of focal
adhesions. The initial cell attachment creates physical contact between cells and
surface preventing cell detachment when exposed to minor shear stresses. This is
followed by flattening or spreading of the cell on the surface area. Spreading is
followed by actin reorganisation which results in formation of microfilament
cytoskeleton bundles. Finally, integrins link the cells to the components of the
extracellular matrix (ECM).
It is well known that cell-cell and cell-EMC interactions are vital for tissue
regeneration (Chen et al., 2004), Yu et al., 2008). Various molecules such as collagen
and laminin have been shown to promote neuronal regeneration, adhesion,
proliferation and differentiation in the CNS (Venstrom and Reichardt, 1993). In
order to enhance the interactions between cells and materials leading to improved
material integration, materials can be modified with short recognition sequences
that mimic the ECM resulting in stronger adhesion of cells (for examples peptides or
proteins). Various modification have been developed and can be applied to various
material targeting more than one tissue including surface deposition, blending,
electrostatic attachment and covalent attachment (Rao and Winter, 2009).
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In the work presented here covalent attachment of the YIGSR-peptide to PLGA flat
sheet membranes and blending of PLL within electrospun PLGA nanofibres were
conducted resulting in interesting outcomes. Blending was chosen as it was a quick
and simple method. Whereas covalent attachment was chosen as it results in much
stronger and more stable compositions because of stronger forces between
biomaterial and YIGSR-peptides.
In order to evaluate the suitability of a scaffold, cells were seeded onto the surface
and left to attach, proliferate and/or differentiate. PC12 cells have been tested on a
variety of materials to study the materials’ suitability (Tomaselli et al., 1987), (Dai et
al., 1994), (Ranieri et al., 1994), (Zielinski and Aebischer, 1994),(Ranieri et al.,
1995),(Lhoest et al., 1996),(Holmes et al., 2000),(Waddell et al., 2003),(Neal et al.,
2009),(Runge et al., 2010). Cell counts, increased cell numbers and the increased
length of neurites, all in the presence of nerve growth factor (NGF) are accepted as
indicators of positive PC12 cell response to presented scaffolds. Still, PC12 cells are
a model cell line, and in this case will never be implanted into the human body.
Other cells that can be used to evaluate the scaffold are cells of the central nervous
system such as Schwann cells, olfactory ensheathing cells and stem/progenitor cells.
None of these cells have been tested on PLGA flat sheet membranes. To some
extent, these cells have been tested on electrospun fibres showing similar
behaviour as PC12 cells. For example, DRGs have been seeded onto aligned
electrospun

polydioxanone

fibres

(Chow

et

al.,

2007),

poly-epsilon-

caprolactone/collagen fibres (Schnell et al., 2007) and PLLA (Wang et al., 2009) and
displayed directional neurite outgrowth along fibre alignment on all materials. This
was also true for glial cells such as astrocytes, which additionally supported neurite
outgrowth of DRG neurites when co-cultured (Chow et al., 2007). Neural stem cells
(NSCs) were seeded on aligned PLLA (Yang et al., 2005), random PLLA (Yang et al.,
2004) and PCL fibres (Nisbet et al., 2008) showing the effect of the scaffold on
directional neurite outgrowth. This evidence demonstrates that although PC12 cells
are only used as a model, other neuronal and glial cell types were shown to behave
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similarly, making the results presented here, a good indication of how CNS cells will
behave, verifying PC12s as a model.
Foetal calf serum (FCS) is a complex mix of albumins, growth factors, growth
inhibitors and ECM molecules such as fibronectin and is probably the most
important and most commonly used component in cell culture medium. FCS has
various advantages such as it helps to protect against mechanical damage in stirred
cultures; it increases the buffering capacity of cell cultures; and it is able to bind and
neutralise toxins. However, serum is subject to bath-batch variation and can lead to
contamination. The work presented here has revealed another characteristic of FCS
in relation to PC12 cell culture: the addition of FCS hampers cell attachment of PC12
cells significantly. This novel effect has not been reported previously making
comparison to published data not possible but is likely to be of interest for future
investigations.
Cell culture studies using PC12 cells have succeeded in showing the potential of the
newly created PLGA-PLL nanofibrous scaffold. Further experiments in vitro using
neural stem cells, Schwann cells or oligodendrocyte precursor cells and in vivo in
rats are necessary to show the applicability of this scaffold.
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9. CONCLUSIONS AND FUTURE WORK
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9.1 Introduction
The work of this thesis had the aim to investigate the suitability of PLGA as scaffold
for neural tissue engineering. PLGA flat sheet membranes and electrospun
nanofibres were assessed. PLGA flat sheet membranes were investigated in terms
of cell attachment and surface modification methods, including aminolysis, peptide
immobilisation and ozonation. Cell attachment, proliferation and differentiation of
cells were investigated on electrospun nanofibres. This chapter is the conclusion to
the results chapters 4 - 7.
The overall aim of CNS tissue engineering is to support the regeneration of tissue
that would otherwise not heal. The regeneration inhibiting environment of the CNS
has proven to be a challenging task. PLGA flat sheet membranes and electrospun
fibre mats have been investigated for their suitability for 3D tissue engineering.
Electrospun fibres are of particular interest for nerve tissue, the benefits being:


The electrospun fibres mimic the extra cellular matrix, increasing the
cytocompatibility of PLGA.



The fibres provide a large surface area which can be modified with
immobilised molecules of interest.



The scaffold is highly porous allowing migration of cells into the scaffold
without necrosis or lack of nutrients creating a natural 3D tissue matrix.



By controlling the alignment of the fibres the differentiation of PC12 cells
can be controlled.

The scaffold presented in this work has the potential to direct neurite outgrowth of
PC12 cells and can be used as an implant for spinal cord injuries, with potentially
helping axons to bridge the damaged area and to reconnect with the distal part
reintroducing signal transduction from the brain to various body parts.
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9.2 Conclusions
9.2.1 Interactions of PC12 cells with PLGA flat sheet membrane
(Chapter 4)
The PLGA flat sheet membrane was chosen as a scaffold to evaluate the polymers
suitability for attachment of PC12 cells. This was based on the ease of production of
the scaffold and previous work showing its suitability for other cell lines.
Additionally, PLGA is approved by the FDA and has been used in applications for the
human body making it a safe material to work with and more easily transferable
from the laboratory to human applications due to its approvement.


PLGA flat sheet membrane did not support attachment of PC12 cells as only
a significantly lower cell number of 167% attached to PLGA compared to
7313% of initially seeded cells on TCP+PLL.



Further surface modification including amynolysis, peptide immobilisation
and ozone treatment failed to increase the wettability of the flat sheet
membrane as the contact angle (average of 73.42±3.80) did not decrease.



Modified surfaces did not show significantly higher cell attachment
compared to non-modified surfaces.



Removal of FCS from the media results in a nearly six fold increase in PC12
cell attachment. 6015% of seeded PC12 cells attached to PLGA films when
using medium without FCS and only 115% of cell attached when using
medium supplemented with 10% FCS.

The PLGA flat sheet membranes failed to provide an adequate surface to support
attachment of PC12 cells and consequently failed to provide physical support for
PC12s. Cell attachment was low and the attached cells were easily detached during
washing steps, thus differentiation experiments were not conducted. These results
demonstrate that although PLGA is a widely used polymer for tissue engineering
applications, flat sheet membranes are not suitable for PC12 cell studies.
Nevertheless PC12 cells attached to the polymer and were further used for a
different type of scaffold, electrospun nanofibres, which were investigated for
neuronal tissue engineering. FCS was removed during initial attachment
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experiments. Electrospinning processing parameters were investigated (chapter 5)
and cell culture studies were conducted (chapter 6).

9.2.2 Electrospinning (Chapter 5)
An electrospinning process was established. Although PLGA flat sheet membranes
were not successful in supporting cell attachment various publications have
indicated the potential of electrospinning nanofibres in providing the correct
surface structure for cells to recognize and attach. Thus work with PLGA was further
pursued. Parameters affecting electrospinning of PLGA were investigated, including
polymer concentration, solution viscosity, feeding rate, applied voltage and
collector-to-needle distance.


Various solvents including dimethylfomamide (DMF), tetrahydrofuran (THF),
DMF and THF at volumentric ratios of 3:1 and 1:1, 1-methyl-2-pyrrolidinone
(NMP), Isopropanol, dichloromethane (DCM), chloroform (CHCl3) and
methanol (MeOH) at ratio 3:1 were tested as solvent of choice for
electrospinning PLGA.



The CHCl3:MeOH (3:1) mixture was chosen as the solvent of choice as its use
resulted in continuous homologous fibres (no bead formation) with the
highest amount of polymer collected in relation to polymer solution used.
Processing difficulties, such as needle clogging, were also minimised.



Optimum polymer concentration was established at 10% (w/w). Polymer
concentrations lower than 10% (w/w) resulted in bead formation, whereas
higher concentrations resulted in processing difficulties (i.e. needle
clogging).



For the electrospinning set up used in this project the optimum viscosity of
the polymer solution was established as being 0.07Pa.S. Higher and lower
viscosities did not result in continuous fibres, but in droplet formation or
non-efficient evaporation of the solvent leading to merging of already
collected fibres.
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Aligned PLGA nanofibres were fabricated by carefully manipulating
electrospinning parameters, including solution feeding rate (2ml/h) and
collector type (spinneret or aligned electrodes).



Aligned fibres were produced by replacing the aluminium foil collector with
two aligned aluminium rods with an optimal air gap of 1 cm.

The aim was to produce random and aligned PLGA nanofibres. This was achieved by
carefully manipulating the settings of the electrospinning set up. The aim of
producing electrospun PLGA nanofibres was to mimic the ECM. In connection to this
work it was interesting to investigate how the electrospun fibre mats would
influence cell attachment of PC12 cells. The most suitable fibres, with an average
fibre diameter of 530140nm, were obtained using a 10% w/w PLGA polymer
solution in CHCl3/MeOH (3:1) with an optimum viscosity of 0.07Pa.S which was
electrospun using a needle with 0.4mm inner diameter and 15kV applied voltage
onto a collector placed at a distance of 11cm.

9.2.3 Interactions of PC12 cells with electrospun PLGA fibres
(Chapter 6)
PC12 cells were seeded on random and aligned electrospun PLGA fibres their
attachment, proliferation and differentiation were analysed. It was demonstrated
that aligned PLGA nanofibres were able to direct neurite outgrowth thus providing
topographical guidance for neurites of PC12 cells.


PC12 cells were shown to attach and proliferate (within 48 h after seeding)
on electrospun PLGA scaffolds.



Differentiation of PC12 cells was highly influenced by the orientation of
electrospun fibres.



The number of neurite bearing cells was significantly higher on aligned
(686%) than random PLGA (555%) nanofibres and TCP coated with PLL
(168%).



Number of neurites per cell was reduced on aligned fibres (1-3 neurites per
cell) compared to random fibres (1-8 neurites per cell).
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Neurite outgrowth was directed along electrospun PLGA nanofibres with a
high proportion of neurites growing within 30 degrees of parallel, whereas
on random fibres no particular directional bias was observed.



Neurites were three times longer on aligned fibres (mean length of neurites
184±119µm) compared to random fibres (mean length of neurites
59±33µm).

This work suggests that aligned PLGA electrospun fibre scaffold strongly influences
neurite organisation, and can potentially be used as a guidance conduit for spinal
cord repair strategies, fulfilling one of the major aims of this thesis.

9.2.4 Incorporation of bioactive molecules into PLGA nanofibres
(Chapter 7)
Electrospun fibres can be modified by means of incorporation of various molecules,
which are released as the scaffold degrades. A novel scaffold was created by
incorporation poly-L-lysine (PLL) into random and aligned PLGA nanofibres by
emulsion electrospinning. Attachment and differentiation of PC12 cells on the novel
scaffold were analysed.


For electrospinning of emulsions the flow rate of the polymer solution was
reduced (form 3ml/h to 2ml/h) in order to achieve high uniformity of
resulting fibres.



Fibre diameter of electrospun PLGA was influenced by incorporated PLL
resulting in larger fibres with a diameter of 825 187nm for PLL-PLGA fibres,
which were significantly different from 530140nm PLGA only fibres.



PLL was successfully incorporated into electrospun PLGA fibres. The
presence of PLL in PLGA fibres was visualised by electrospinning FITC-PLL
and analysing the resulting fibres using fluorescence microscopy.



PLL-PLGA fibres supported cell differentiation as they increased the length of
neurites by factor 1.5 compared to PLGA fibres. Attachment and directional
neurite outgrowth was not compromised by incorporated PLL.
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This is the first report demonstrating the incorporation of PLL into electrospun PLGA
nanofibres using emulsion electrospinning and demonstrating its effect on the
attachment and differentiation of PC12 cells. The PLGA-PLL nanofibrous scaffold is a
novel and potentially promising new scaffold for nerve regeneration. The results
have demonstrated that PLGA is a suitable scaffold for nerve regeneration and can
be formed into various forms. Incorporation of bioactive molecules can be
performed using emulsion electrospinning a simple, efficient and reliable method
which can be used for countless substances bearing great potential for drug delivery
vehicle design.

9.3 Future work
As research into spinal cord repair continues to progress, it is for future research
and clinical trials to establish which polymer combines the best possible
characteristics for supporting and promoting regeneration in the central nervous
system. The suitability of flat sheet membranes and electrospun PLGA nanofibres
has been investigated for applications in nerve tissue repair. Chapter 7 has
demonstrated that by adding a small amount of PLL the neurite outgrowth of PC12
cells increased significantly. This opens the door to investigation of many other
substances. This scaffold is a further step towards a “smart” scaffold, combining
topographical and chemical queues thus increasing the biocompatibility of PLGA. To
take the results presented in this thesis towards useful a clinical product will take
intensive analysis in vivo and in vitro and by considering the interactions between
the two (Fig 9.1).
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Figure 9.1 Future work model towards clinical application of electrospun PLGA nanofibres

9.3.1 Short term studies
Optimisation of the electrospinning process
Electrospinning is now a widely used method and many cell types have been seeded
onto electrospun fibre mats. The majority of the research is limited to analysing
cellular attachment only, sometimes producing contradicting results. The exact
benefit of using electrospun fibres has to be evaluated with more in depth
assessment of cellular functions, for example growth cone development of neural
cells. Nevertheless, studies available to date already illustrate the potential benefit
of electrospun fibres for tissue engineering applications.
One of the key challenges is the deposition of electrospun fibres, controlled down
to nanometre scale, in order to achieve better mimicking of the ECM and
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consequently more control over cell behaviour. For this, various collectors can be
tested. But most importantly, an apparatus needs to be designed which facilitates
the control of environmental parameters, such as humidity and temperature and
which reduces disturbances of the jet by other chargeable surroundings. An
enclosed non-conductive box can be built with incorporated inlets for cables
(voltage, grounding) and syringe. Preferably, it should be possible to control the
temperature to exclude temperature dependent jet behaviour changes due to
viscosity change of the polymer solution. This can lead to an automated process
having the advantage of increasing the effectiveness of electrospinning. This would
give the opportunity to screen more polymers and make electrospinning a less
laborious and time consuming process.
Although all key parameters of the electrospinning process are identified, more
research is necessary for full understanding of the process which will make it more
predictable and reproducible. This will lead to accelerated electrospinning set up
development and electrospun scaffolds will find more applications in the sector of
drug delivery and tissue engineering. The step into clinical trials is necessary in
order to validate the potential of in vitro studies in vivo.
Modelling
Mathematical modelling of electrospinning may help to predict the resulting fibres.
Effects of forces such as surface charge, point-charges, ring charges and Coulomb
forces can be investigated to predict jet behaviour and fibre morphology, taking
into account the polymer, polymer concentration and solution viscosity.
Characteristics of the scaffold may also be investigated using mathematical
modelling. The mechanical properties have been investigated and the mechanical
strength of electrospun polyurethane was predicted using a modelling strategy
depending on fibre diameter and degree of fibre alignment (Stylianopoulos et al.,
2008). Parameters such as degradation rate, fibre density, diameter of individual
fibres as well as of the whole implant may be assessed in order to predict the
effectiveness of the scaffold after implantation. The optimum parameters for cell
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survival such as oxygen density in relation to fibre density can be calculated and
help to optimise the scaffold.
Molecular studies
As described in chapter 7, other substances of interest such as growth factors and
antibiotics can also be incorporated into the scaffold and promote regeneration. For
growth factors, such as NGF and other neurotrophic factors, several parameters can
be investigated including the encapsulation efficiency, release profile (ELISA) and
biological activity (cellular studies). The purpose of these substances is e.g. to
suppress inhibitory signals in the area of injury, or to increase neurite outgrowth. To
guide axons over a biodegradable bridge an electrospun scaffold with a release
gradient may further increase axon outgrowth (Fig 9.2).

Figure 9.2 Scaffold with an incorporated NGF gradient. This scaffold might increase axonal
outgrowth even further than already achieved.

Microspheres have received a great deal of attention as means of drug delivery,
incorporating e.g. insulin, dexamethasone and growth factors (Bae et al., 2009,
Willerth and Sakiyama-Elbert, 2007, Khafagy et al., 2007). NGF was shown to be
released in a controlled manner from biodegradable poly(phosphoester), resulting
in morphological regeneration of peripheral nerves (Xu et al., 2003). A new
approach may be the combination of microspheres with other types of scaffolds,
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such as flat sheet membranes or electrospun fibres, creating alternating layers of
cell supporting scaffold with biomolecules releasing scaffold.
Scaffold modification
As PLGA is a very hydrophobic polymer, and addition of PLL did not change its
characteristic, introduction of hydrophilic polymer such as PVA may increase its
hydrophilicity. PLGA-PVA polyblends can be electrospun and assessed according to
this work. Blends of synthetic and natural polymers can be produced and
electrospun to produce new polybend scaffolds. These scaffolds have the advantage
of combining the properties of several single polymers and stabilizing the solutions
containing natural polymers which are not amenable to electrospinning due to
molecular weight or solubility issues.
Surface modification can be performed to introduce ligands that influence
differentiation of cells. For example, neural stem cell differentiation can be
controlled by altering ligand density and mechanical properties (Saha et al., 2008).
Although the synthetic scaffolds offer more designing, more concerns into potential
immunogenicity as well as the toxicity of degrading fragments, cross linking and
activating agents used manufacturing them remain to be eradicated (Williams et al.,
2005).

9.3.2 Medium and long term studies
Animal studies
In order to establish whether the newly developed scaffold consisting of PLGA with
incorporated PLL has a positive effect on nerve regeneration in vivo animal studies
may be conducted. For this the scaffold has to be tested in animal models, with
induced spinal cord injuries, such as contusion and complete injuries in mice and
rats. These studies can help to establish the safety of the scaffold as well as its
positive or negative effect on axon regrowth and axon behaviour during entering
and exiting the scaffolds.
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Processing
During the experiments conducted in this project, sterilisation was a challenge
needing a solution. PLGA is biodegradable and biocompatible, but its handling,
including preparation of the scaffold takes place in a non-sterile environment and
sterilization is an inevitable step prior to cell culture work. Sterilisation is necessary
to avoid infections after cell seeding and implantation. In the laboratory,
sterilization of the produced scaffolds was achieved via exposure to
antibiotic/antimicotic solutions for at least 24h. This method raises the question of
resistance. And it is not clear what affect this implants that have been exposed to
antibiotics/animicotics on the host tissue.
The speed of production is also important as the implant has to be available within
several hours after the patient sustained the injury. As the material is
biodegradable, the scaffolds have a shorter lifespan than non-biodegradable
materials, due to which storing precautions have to be considered, such as storing
implants in -80C freezers. Ones the scaffolds are produced and sterilized, they have
to be sealed in sterile packaging that prevents any infections. The parameters
effecting packaging and storage need to be investigated for SCI procedures and
therapies.
A further point for interest is the creation of a scaffold that can be easily handled
without breaking or deformation before and during the surgical procedure of
implantation. All injuries vary from patient to patient. Thus, it is necessary to create
a scaffold that can be produced quickly and in different shapes. For this
manufacturing of scaffolds for a number of injury types is inevitable. The
implantation of a tubular implant may be counterproductive as most injuries occur
without complete transection. To fit a tubular implant into the site of injury may
require further damage to the spinal cord with a complete transection or a midline
myelotomy (surgical severing of the midline transverse fibres of the spinal cord).
More research into fabrication of various implants and implantation procedures,
which are more suitable for different types of injury (partial transections,
contusions, cavitation and lacerations), has to be addressed in collaboration with
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surgeons. For example, in case of cavitation an implant is required which is smaller
than the native spinal cord, with a microstructure suited for the location of the
injury.
Timepoint of implantation
The optimal timepoint of implantation for chronic and acute spinal cord injuries is
not known and has to be investigated.
It is important to note that even with complete axon extension over the scaffolds
the degree of regeneration cannot be predicted and the current understanding
needs to be further improved. The type of functional recovery needs to be
investigated and whether the remyelination of axons needs additional promotion
with further interventions.
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A1. Materials
All materials are divided into three groups; cell culture, cell culture analysis; and
scaffold fabrication and analysis. In the tables below all materials and chemicals are
listed according to the method used. All solvents were high performance liquid
chromatography (HPLC) grade of American Chemical Society analytical grade
reagents.
Table 10.1 Alphabetical list of materials used for fabrication and analysis of flat sheet membranes
and electrospun fibre mats

Name of
Material/Chemical

Supplier

13mm glass cover slips

Fisher Scientic UK Ltd., Bishop
MNJ-500Meadow
Road,
Loughborough,
010G
Leicestershire, LE11 5RG

N-methyl-2-pyrrolidinon
(NMP)

Fisher

Albumin
serum

from

Catalogue
number

12763-0025

bovine Sigma-Aldrich Company Ltd., Dorset
A9418
England

Chloroform

Fisher

C/4960/17

Dichloromethane

Fisher

D/1852/17

Ethanol

Fisher

E/0650DF/17

Gene frames

Fisher

GEN-100-010Y

Sigma-Aldrich

21000-U

Methanol

Fisher

M/4056/17

N-Hydroxysuccinimide

Sigma-Aldrich

13,067-2

Hamilton
series

syringe

1000

Triogen Ltd., Unit 14 Langlands Place
Ozone generator

TOG C2B
East Kilbride G75 0YF

PLGA resomer RG 756 S, Boehringer
Ingelheim
75:25, Mw = 76,000- Ellesfield
Avenue,
116,000
Berkshire, RG12 8YS

Limited,
Bracknell, 66633
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Name of
Material/Chemical

Supplier

Catalogue
number

Poly-L-lysine-FITC

Sigma-Aldrich

P3069

Power supply

Spellman, Broomers Park, Broomers
Hill Lane Pulborough, West Sussex, CZE1000R
RH20 2RY

Syringe Pump

Cole-Parmer Instrument Company
Ltd., Unit 3, River Brent Business
EW-74900-10
Park, Trumpers Way, Hanwell,
London W7 2QA

Collectors

Assembled out of paper, cable, steel

Lab support stand and
clamp
Aluminium foil

Bought in supermarket

Cling film

Bought in supermarket

Table 10.2 Materials used for maintenance of cell culture and for experiments where cells were
involved

Name of Material

Supplier

Catalogue
number

Antibiotic antimicotic solution Sigma-Aldrich Company Ltd., Dorset,
A5955
(100x)
England
Isopropanol

Fisher

Nerve growth factor

Sigma-Aldrich

N6009

Nunc Cryotube vials, 1.8ml

Fisher

368632

PC12 cells

LGC Standards, Queens Road,
CRL-1721
Teddington, Middlesex TW11 0LY

Phosphate buffered saline

Sigma-Aldrich

BR0014G

Poly-L-lysine, solid form

Sigma-Aldrich

81339

Poly-L-lysine, solution

Sigma-Aldrich

P4707

RPMI1640

Sigma-Aldrich

R8758
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Name of Material

Supplier

Catalogue
number

Sodium Pyruvate

Sigma-Aldrich

P2256

Tissue culture flasks (72 cm2)

Fisher

3046503
5000

Trypsin/EDTA 10x solution

Sigma-Aldrich

T4674

-

Table 10.3 Materials used for analysis of experiments with cells

Catalogue
number

Name of Material

Supplier

Bradford Protein Assay

Bio-Rad Laboratories Ltd., Bio-Rad
House, Maxted Road, Hemel
500-0006
Hempstead, Hertfordshire HP2 7DX

Calcein acetoxymethyl (AM)

Invitrogen molecular probes

C3099

Ethidium homodimer

Sigma-Aldrich

E1903

Formalin solution, 10%

Sigma-Aldrich

HT501128

Human
β-NGF
development kit

ELISA PeproTech House, 29 Margravine
900-K60
Road, London, W6 8LL, UK

Invitrogen molecular probes, 3
Quant-iT PicoGreen dsDNA
Fountain Drive, Inchinnan Business P7589
Assay kit
Park, Paisley, PA4 9RF
Tween20

Sigma-Aldrich

P1379

A2. Alternative electrospinning set up
Other factors, like airflow and surrounding objects have a high disturbance factor
and deflect the polymer jet. As the electrospinning process relies on the potential
difference between the solution and the collector, the introduction of an additional
electric field can be used to control the charged electrospinning jet. This electric
field can be applied via an additional power supply which is connected to a metal
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ring with appropriate radius which is placed between the needle and the collector.
The same voltage is applied to the metal ring as is to the needle tip.

Figure 10.1 Alternative electrospinning set up.
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