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Abstract

Peripheral nerve regeneration is a critical issue as 2.8% of trauma patients present with this type of
injury, estimating a total of 200,000 nerve repair procedures yearly in the United States. While the
peripheral nervous system exhibits slow regeneration, at a rate of 0.5 mm – 9 mm/day following
trauma, this regenerative ability is only possible under certain conditions. Clinical repairs have changed
slightly in the last 30 years and standard methods of treatment include suturing damaged nerve ends,
allografting, and autografting, with the autograft the gold standard of these approaches. Unfortunately,
the use of autografts requires a second surgery and there is a shortage of nerves available for grafting.
Allografts are a second option however allografts have lower success rates and are accompanied by the
need of immunosuppressant drugs. Recently there has been a focus on developing nerve guides as an
“off the shelf” approach. Although some natural and synthetic guidance channels have been approved
by the FDA, these nerve guides are unfunctionalized and repair only short gaps, less than 3 cm in length.

The goal of this project was to identify strategies for functionalizing peripheral nerve conduits for the
outgrowth of neuron axons in vitro. To accomplish this, two strategies (bioelectrical and biophysical)
were indentified for increasing axon outgrowth and promoting axon guidance. Bioelectrical strategies
exploited electrical stimulation for increasing neurite outgrowth. Biophysical strategies tested a range of
surface topographies for axon guidance. Novel methods were developed for integrating electrical and
biophysical strategies into silk films in 2D. Finally, a functionalized nerve conduit system was developed
that integrated all strategies for the purpose of attaching, elongating, and guiding nervous tissue in vitro.
Future directions of this work include silk conduit translation into a rat sciatic nerve model in vivo for the
purpose of repairing long (> 3 cm) peripheral nerve gaps.
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Chapter 1: INTRODUCTION: NEURAL TISSUE ENGINEERING
1.1 Introduction
Injury to peripheral nerves is fairly common and usually results in a skeletal muscle atrophy and poor
functional recovery (Gu et al., 2010a). It is known that for nerve repair to occur, axons need guidance
from the proximal stump towards the target organ and connection to the distal stump prior to atrophy.
Unfortunately, axon outgrowth is a slow process. While short gap (< 3 cm) peripheral nerve injuries have
shown regenerative success, restoration of more severe nerve injuries is difficult, and long-gap (> 3 cm)
nerve injuries have not seen complete recovery despite clinical intervention. While several strategies,
including the addition of neurotrophic factors, stem cell and glial cell transplantation, gene therapy, and
the development of nerve guidance channels, have been tested in vitro and in vivo for enhancing
peripheral nerve regeneration, each strategy has its drawbacks. In fact, there has not been one strategy
identified for complete functional recovery. In the first chapter, an overview of the clinical impact,
peripheral nervous system structure and functionality, and the clinical treatments for repairing
peripheral nerve injuries are discussed. Next, the current research in the field is summarized along with
the regenerative potential and drawbacks of each strategy. Finally, our project, a functionalized nerve
guide that combines the regenerative potential of bioelectrical and biophysical strategies, which will be
explained over the next several chapters, is outlined and how this project can be used to improve overall
axon outgrowth during the nerve repair process is described.
1.2 Clinical Significance
1.2.1 Peripheral Nerve Injuries
Peripheral nerve injury (PNI) is a critical issue as 2.8% of trauma patients present with this type of injury
(Potucek et al., 2009) estimating a total of 200,000 nerve repair procedures yearly in the United States
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(Willerth et al., 2007). By 2012, an estimated 1.5 billion people will suffer from peripheral nerve injury in
the U.S., Europe, and Japan due to complications from diabetic neuropathy, human immunodeficiency
virus (HIV), and chemotherapy (Report, 2003). During a time of war, 14-18% of injuries affect the
peripheral nervous system altering both sensation and muscle function (Potucek et al., 2009).
Following PNI, acute sensory problems include the loss of sensation and pain. Over the long term,
chronic problems that may develop include peripheral neuropathy, desensitization of the injured area,
hyperalgesia, better known as an exaggerated sense of pain for the given stimuli, or allodynia, which is
described as pain caused from innocuous stimuli (Oh, 2006). Annual compensation from doctors visits
and missed work due to pain caused by PNI total $50 billion per year (Bonica et al., 2001; Cum, 2000).
Following PNI, motor problems include muscle weakness and spasms with more severe conditions
leading to paralysis.
1.2.2 Limb Amputation
Approximately 1.9 million people are living with limb loss in the United States as a result of trauma,
cancer, vascular problems, or congenital defects (Dillingham, 2002)(Figure 1.1). Projected lifetime cost
for patients and their families undergoing amputation in the United States in 2002 was approximately
$509,275 (MacKenzie et al., 2007). Disabilities and a change to a sedentary lifestyle due to limb loss can
increase risk of other diseases. In a recent report that examined the care of amputees following combat,
27% of upper limb amputees were not employed or reemployed following their amputation, and 67% of
upper limb amputees had to change jobs following amputations (Hubbard Winkler, 2009) making limb
regeneration not only an increased risk for additional health problems, but also a permanent decrease in
earning potential.
In lizards that have the ability to regenerate new tails following amputation, it has been demonstrated
that successful regeneration is correlated with an adequate quantity of nervous tissue at the injury site
2

(thornton, 1970a; Whimister, 1978a). This regenerative ability is noted as it may be translatable to
human limb regeneration in the future. Furthermore, it emphasizes another application for nervous
tissue regeneration.

Figure 1.1: Limb Amputation Statistics by Cause, Unites States, 1988 to 1996 (Dillingham, 2002)
1.3 Neurobiology Background
1.3.1 Peripheral Nervous System Architecture
Although nerve cells can be classified into many different categories, a neuron consists of the same basic
morphologically defined parts, including a cell body, dendrites, axon, and presynaptic terminals (Kandel
et al., 2000). The cell body, known as the soma, is the cells’ metabolic center and ranges from 5 - 50 μm
or more in diameter (Alberts et al., 2002; Kandel et al., 2000). The dendrites are defined as the many
3

short processes that extend from the cell body and the axon is the long tubular process extending from
the cell body. Axons are approximately 1-3 μm in diameter and can extend up to 1 meter or longer in
length from the spinal cord to the distal extremities (Kandel et al., 2000). Newly formed processes,
before they are able to be distinguished between an axon and dendrite, are commonly termed neurites.
Neuron axons may be myelinated or unmyelinated. Myelin is produced by glial cells (Kandel et al.,
2000). Glial cells, which are defined as Schwann Cells in the peripheral nervous system, are wrapped,
starting at a point termed the inner mesaxon and ending at a point termed the outer mesaxon, around
the axon in concentric circles (Kandel et al., 2000). One myelin sheath typically runs 600 μm in length
around the axon (Potter et al., 2011) and is separated from the next myelin sheath by a 30 μm gap,
termed the Node of Ranvier. Myelin is composed of 70% lipid and 30% protein, with a high
concentration of cholesterol and phospholipid, similar to that of a plasma membrane (Kandel et al.,
2000).
Individual axons and myelin are surrounded by a collagen covering termed the endoneuriun (Figure 1.2).
Anatomically, one axon and myelin sheath enclosed by the endoneurium is a nerve fiber. Several nerve
fibers that are bundled together and enclosed by the perineurium compose one fassicle. Several
fassicles that are bundled together by a connective tissue is defined as the epineurium (Campbell, 2008).
Blood vessels lie longitudinally within the epineurium and send branches across the perineurium to
create a capillary network in the endonerium (Campbell, 2008; Mackinnon et al., 1988).
Nerve cells located in the peripheral nervous system (PNS) are characterized as either sensory neurons
or motor neurons (Kandel et al., 2000). Sensory nerve cells make up the afferent signaling pathway,
propagating information from the peripheral nerve endings towards the spinal cord and terminating in
the brain, specifically the brain stem and thalamus (Hunt, 2005). Motor nerves make up the efferent
signaling pathways bringing information from the brain towards the muscles and glands (Kandel et al.,
4

2000). Cell bodies of sensory neurons are located in the dorsal root (Oh, 2006), while cell bodies of the
peripheral motor nerves are located in the ventral horn (Kandel et al., 2000; Mason et al., 2011).

Figure 1.2: Histological cross-section of the human sciatic nerve. Adapted from (Lozano et al., 2003). The
rat sciatic nerve contains approximately 27,000 nerve fibers including heavily myelinated motor axons
and myelinated and unmyelinated sensory axons (Wallman et al., 2001). The largest nerve fibers range
from 12-20 μm in diameter (Wallman et al., 2001).
1.3.2 Neuron Characterization
For distinguishing neurons, by method of morphological characterization, from other types of nervous
tissue, neurons have processes that are, on average, at least three times longer than the width of the
cell body (Figure 1.3A,B). This is in contrast to glial cells, the supporting structure of the nervous
system, that exhibit shorter processes and larger cell bodies.
The most accurate method for classifying cells in culture as neurons is through the presence of neural
proteins. Common protein markers for identifying neurons include β3-tubulin and neurofilament
5

(Arien-Zakay et al., 2007; Oe et al., 2006). β3-tubulin, also known as tuj-1, is expressed in microtubules
and encodes for a structural protein found in neuron axons and cytoskeleton (Kandel et al., 2000).
Neurofilament is type IV intermediate, 10 nm in diameter, also found in the neural axoskeleton that may
play a role in transport to axons and dendrites (Kandel et al., 2000). Images of immunostains that show
the presence of β3-tubulin and neurofilament is in Figure 1.3C and in Figure1.3D respectively.

Figure 1.3: Morphological and biochemical methods for neuron identification. (a) Image of live neurons
in culture. The cell body is in purple, the axon is blue. (b) Image of neurons in culture. Cell bodies of p19
neurons tend to aggregate in culture and form interconnected functional axonal networks.
Immunostains reveal the presence of proteins (c) β3-tubulin and (d) neurofilament. These proteins are
located in the soma and axons, of the neurons in culture. Pink scale bar is 50 μm. White scale bar is 150
μm (Images by Marie Tupaj, unpublished data, 2008).
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1.3.3 Peripheral Nervous System Functionality
Membrane potential is established, in all cells, as the difference in total ionic charge of anions and
cations between the intercellular and extracellular fluid of the plasma membrane (Kandel et al., 2000).
Resting membrane potential, described as the condition when net ionic flow across the membrane is
zero (Alberts et al., 2002), can be quantified across the membrane in any cell type using the Goldman
Equation,
ܧ =

ܲ ሾ ܭା ሿ ݐݑ+ ܲே ሾܰܽ ା ሿ ݐݑ+ ܲ ሾ ି ݈ܥሿ݅݊
ܴܶ
ln ቆ
ቇ
ܲ ሾ ܭା ሿ݅݊ + ܲே ሾܰܽ ା ሿ݅݊ + ܲ ሾ ି ݈ܥሿݐݑ
ܨ

where Em = Resting membrane potential; R = universal gas constant equal to 8.314 J · K-1 · mol-1; T =
absolute temperature in Kelvin; F = Faraday Constant equal to 96,485 coulombs· mol-1 ; and Pi =
Permeability of ion i (Kandel et al., 2000). In this equation, resting membrane potential is dependent on
the contributions of K+, Na+, and Cl- ion concentrations and the permeability of each ion across the cell
membrane. Resting membrane potential is typically between - 60 mV and - 70 mV in neurons (Kandel et
al., 2000), though this is variable depending on neuron source.
Although neurons have a resting potential between -60 to -70 mV, their membrane potential is able to
quickly and significantly shift from changes in local ion concentration (Kandel et al., 2000). Because of
this ability, neurons are known as excitable cells. For sensing and quickly responding to large shifts in
membrane potential, voltage gated ion channels (VGICs) are located in the neuron’s cell membrane.
VGICs are typically composed of a pore made up of four protein subunits with negatively charged ends
each containing 6 transmembrane domains, a selectivity filter, a voltage sensor, and activation and
inactivation gates (hunt et al., 2001; Julius et al., 2001). Voltage sensors in VGICs contain highly
positively charged domains. Voltage sensors repel and open the VGIC gate when sensing changes in local
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ion concentration from an extracellular stimulus. This response starts the process known as an action
potential.
Action potentials occur when the voltage sensor senses that local ion concentration reaches threshold
potential of approximately -50 mV. At this time, positively charged voltage sensors move, open the
voltage gated Na+ channels, and there is an influx of sodium ions, down its concentration gradient
driving membrane depolarization. From this, more Na+ channels begin to open and the influx of sodium
ions continues until almost an equilibrium potential of approximately +50 mV, at which point the
sodium channel becomes inactivated. To bring the cell membrane back to its original resting potential,
an outward flux of potassium ions flow through potassium channels, driving hyperpolarization (Hunt,
2005; McCleskey et al., 1999) (Figure 1.4A).
The event of an action potential is known as an “all or nothing” response, meaning that all changes in
ion concentration below the threshold potential will not generate an action potential and all stimuli that
reach above the threshold potential will generate an action potential (Kandel et al., 2000).
1.3.4 Membrane Potential Control for Growth and Regeneration
Experimental data has demonstrated that varying cell membrane voltage potential can initiate cell
proliferation and differentiation (Blackiston et al., 2009; Cone Jr, 1970; Sundelacruz et al., 2009).
Furthermore, different membrane potential levels can yield varying mitotic effects thus providing a
means for controlling the mitotic cycle (Cone Jr, 1970). Altering transmembrane potential can be
accomplished through altering extracellular ion concentrations via the addition of pharmacological
agents and ionophores (Adams et al., 2006a, b; Cone Jr, 1970). For example, mature neurons have
demonstrated the ability to reenter the mitotic cycle following changes in membrane potential utilizing
ionophores such as ouabain, gramidicin, and veratridine (Cone et al., 1976).
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Figure 1.4: Neuron Functionality (a) The contributions of inward sodium ion flow and outward
potassium ion flow to action potential generation. Approximate values for resting potential and
threshold potential are indicated by the blue lines. The events of an action potential can be broken
down into resting, rising, falling, absolute refractory and relative refractory periods. The duration of an
action potential in humans is approximately 1 ms. (b) Action potential propagation down a neuron axon.
Action potentials can deliver time sensitive information across long distances. The area of depolarization
is shown in blue. The current direction is given by the arrow in purple. Image on the left is the position
of VGICs at time, t = 0. Image of the right is the position of VGICs at t = 1 millisecond. Different types of
VGICs are selective, based on size and charge, for ions such as Na+, Ca2+, K+, and Cl-. VGICs switch
between active open, active closed and inactivated states. The active open state allows for an influx of
ions following changes in extracellular ion concentration. The active closed state is during the resting
phase. VGIC inactivation is the period when the ion channel cannot be activated. This ensures that the
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signal propagates in the forward direction. Nerve conduction velocities depend on fiber diameter and
myelination (Alberts et al., 2002; Costanzo, 2002; Cum, 2000; Hunt, 2005; Julius et al., 2001).
1.3.5 Neural Cell Sources for In Vitro Experiments
Several neuronal cell sources have been used for peripheral nerve experiments in vitro. Cell sources for
peripheral nerve studies have included stem cell lines, primary cells, bone marrow mesenchymal stem
cells, induced pluripotent stem cells (Denham et al., 2011), and human embryonic stem cells (Ma et al.,
2008). Some common stem cell lines include the p19 stem cell line (Banker et al., 1998; Holy et al., 2011;
McBurnery, 1993; Ulrich et al., 2006; Zhao et al., 2011), the SH-SY5Y stem cell line (Kullenberg et al.,
2008; Pahlman et al., 1990), and the PC12 cell line (Banker et al., 1998; Yao et al., 2010b; Yao et al.,
2009)(Table 1). Primary cells for peripheral nervous system studies are most commonly dorsal root
ganglia (Cheng et al., 2011; Griffin et al., 2011; Jin et al., 2011).
p19 stem cells are derived from pluripotent embryonal teratocarcinoma in a C3H/He mouse, having
stable euploid male karotypes (McBurnery, 1993). In culture, p19 stem cells are observed to grow in
colonies, p19 stem cells have the morphology of a ‘napolean’s hat’ and p19 stem cells double
approximately every 24 hours (p19 proliferation rates taken by Marie Tupaj, unpublished data, 2008).
p19 stem cells are able to differentiate down several lineages into fibroblasts, endothelial cells, neurons,
neuroglia, skeletal, and cardiac cells (Banker et al., 1998; Ulrich et al., 2006). Like most cells undergoing
neural differentiation, p19 stem cells differentiate into neurons following exposure of at least 0.5 μM
retinoic acid (jones-villeneuve et al., 1982). Retinoic acid is non-toxic to p19 cells and binds to cellular
proteins that interacts with RA-response elements (Ulrich et al., 2006) Retinoic acid differentiates stem
cells into neurons by initiating transcription of target neuronal genes including sonic hedgehog, paired
box 6 (pax-6), achaete-scute complex homolog 1 (mash-1), and wingless-type mouse mammary tumor

virus integration site family, member 1 (wnt-1)(Ulrich et al., 2006).
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Once differentiated, p19 neurons exhibit morphological characteristics of cortical neurons; p19 neurons
exhibit a well defined cell body and axons that typically do not branch. p19 neurons have been shown to
establish functional synapses 1-2 weeks following the addition of retinoic acid (Finley et al., 1996),
proving their ability to differentiate fully down the neural lineage. P19 cells are amenable to
transfection. p19 cells may differentiate into several neuron or neuroglial and the quantify of neural
differentiated p19 stem cells may depend on the initial cell seeding density (Kitani et al., 1997).
The SH-SY5Y stem cell line originates from a human child neuroblastoma (Li et al., 2007a). SH-SY5Y stem
cells double approximately every two days. SH-SY5Y stem cells are simpler to work with in culture and
more readily differentiate into one cell type as compared to the p19 cell line. With the addition of at
least 1 μM retinoic acid, SH-SY5Y stem cells differentiate into neurons over approximately 2 weeks. For a
shorter differentiation period, some studies add a neurotrophic factor, such as NGF or BDNF, to the
neural differentiation media (Agholme et al., 2010). Morphologically, SH-SY5Y neurons have a less well
defined cell body than the p19 cells line and exhibit neurite branching. SH-SY5Y neurons express
synaptic proteins such as synaptic vesicle protein, Sv2, and synaptic structures with their neighboring
neurons, however SH-SY5Y functionality has not been well established in the literature (Agholme et al.,
2010).
Neuroscience lacks appropriate models to study the nervous system in vitro. Currently, dorsal root
ganglia are the most common in vitro model for peripheral neural tissue engineering. Dorsal root ganglia
are the sensory peripheral nerve cell bodies that lie in sacks outside the spinal column. DRGs can be
dissected between the lumbar 4 (L4) - lumbar 5 (L5) section of the spinal column (Tegeder et al., 2006).
Care needs to be taken during dissections for avoiding contamination and dissecting ganglia only,
without the addition of fibroblasts.
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PC12 cells are another common cell line utilized for neural tissue engineering experiments in vitro. PC12
cells are a cancer cell line from the rat adrenal medulla utilized for neural differentiation (Fedoroff et
al.). PC12 cells are a model cell line for studying sprouting and neurotrophin signaling in primary neurons
(Klesse et al., 1999). PC12 cells enter into mitotic arrest and differentiate over 7-10 days following
exposure to 100 ng/mL nerve growth factor and culture media containing 1% horse serum. PC12 cells
are also amenable to transfection.
Table 1.1 Some Common Neural Cell Sources (p19 and SH-SY5Y images by Marie Tupaj; Dorsal Root
Ganglia dissection and image by Xiaodong Yang, Unpublished Data, 2008)
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1.3.6 Peripheral Nerve Injury and Regeneration
While there are over hundreds of nerve injury classifications, which are dependent on factors such as
symptoms, damage, and prognosis, injury to the peripheral nerves may be generally classified into three
main categories: neurapraxia, axonotmesis, and neurotmesis (Campbell, 2008). For injuries that are
classified as a first degree injury, neurapraxia, the entire nerve structure remains intact and complete
functional recovery occurs (Campbell, 2008). In contrast, for nerve injuries that are categorized as the
most severe, neurotmesis, the nerve and surrounding connective tissue is destroyed (Campbell, 2008);
Regeneration does not occur spontaneously without clinical intervention (Campbell, 2008). Second
degree nerve injuries, axonotomies regenerate spontaneously and slowly under certain conditions at a
rate of 0.5 mm – 9 mm/day (Burnett et al., 2004). In this case, the distal stump is separated from its cell
body (Figure 1.5A) and initially undergoes Wallerian Degeneration (Alberts et al., 2002). Within 48 hours
following injury, macrophages are recruited to the degenerating distal nerve fiber and phagocytosis of
cellular debris, disconnected fibers, and pre-existing myelin begins (Mackinnon et al., 1988; Yamada et
al., 2010) (Figure 1.5B). Within 72 hours, Schwann cells proliferate and begin to line the injured nerve
gap and extracellular matrix. Myelinated and unmyelinated fibers proximal to the nerve injury and
proximal to the last Node of Ranvier begin to sprout

Figure 1.5: Peripheral Nerve Regeneration following injury (a) Axotomy (b) Wallerian Degeneration (c)
Axon Sprouting (d) Axon Guidance into the distal stump (Image by Marie Tupaj, Unpublished, 2010).
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new axons (Figure 1.5C)(Mackinnon et al., 1988). Newly developed growth cones, which are located at
the end of each sprouting axon, are directed between the outer Schwann cell surface and the Schwann
cell basil lamina into what is known as endoneurial tubes (Figure 1.5D)(Mackinnon et al., 1988). Laminin
molecules in the basal lamina of Schwann Cells guide the growth cones of regenerating fibers into these
areas. Axonal sprouts will grow slowly towards the distal end of the injured axon, which is dependent on
the surrounding microenvironment (Cao et al., 2011). Initially more fibers will regenerate than needed,
then degenerate over time if not matched with the distal end of the nerve. Factors that determine
regenerative success include removal of axon and Schwann cell debris, a supportive basal lamina, and
growth factor secretion (Shim et al., 2010).

1.4 Clinical Interventions and Clinical Devices
While axotomies having less than a 10 mm gap are able to spontaneously sprout new processes from
the proximal stump and direct outgrowth into endoneurial tubes of the distal stump, peripheral nerve
injuries greater than 10 mm are typically not repaired without intervention. Furthermore, timely
medical attention, typically within 48 hours prior to the development of scar tissue, is necessary for
preventing permanent damage. The best outcome to date is slow (up to 1 year) functional recovery.

The best methods for repairing peripheral nerves include autografts or primary repair using tension-free
sutures (Hill et al., 2011). Unfortunately primary repair using tension-free suturing works only for short
gaps where the nerve is not stretched more than approximately than 10-15% (Belkas et al., 2004).
When the gap is too long for reattaching without stretching, a “bridge material” is needed. A bridge
material for nerve repair is used to support and guide the proximal stump towards the distal stump.
The autograft has been the ‘gold standard’ of bridge materials. Autografts take a less important nerve,
such as the medial, sural and lateral antebrachial cutaneous nerves (Grawanis et al., 2005), from
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another area of the patient and use this nerve to bridge the gap between the proximal and distal stumps
of the injured nerve. Unfortunately autografts have drawbacks. For example, autografts require a
second surgery and the quality of the graft may not be good. The nerve diameter between the donor
and recipient nerve may not be the same or the patient may not have enough nerves for sacrifice
(Pettersson et al., 2011). In addition, autografts may cause increased scar tissue or painful neuromas at
the recipient site (Pettersson et al., 2011). Finally, functional outcomes using autografts are still
suboptimal (Scholz et al., 2010).
Clinically approved FDA devices for guiding the proximal stump to the distal stump, known as nerve
guides, include the Neurotube® composed of a poly(glycolic) acid (PGA) mesh (Weber et al., 2000);
Neurolac® composed of poly(DL-lactide-co-caprolactone); SaluTunnelTM made of polyvinyl alcohol (PVA);
and NeuroflexTM, Neurogen® ,and NeuroMatrixTM all composed of a type I collagen matrix (Kehoe et al.,
2011) (Table 1.2). However, to date, the FDA has not approved a natural degradable guide for healing
long (> 3 cm) peripheral nerve gaps.
Table 1.2: FDA Approved Nerve Guides

Nerve Guide Product

Material

Guide Length

1.

Neurotube®

A poly(glycolic) acid (PGA) mesh

2-4 cm

2.

Neurolac®

Poly(DL-lactide-co-captrolactone)

3 cm

3.

Neuroflex™

Type I Collagen

2.5 cm

4.

SaluTunnel™

Polyvinyl Alcohol (PVA)

6.35 cm

5.

Neurogen®

Type I Collagen

2-3 cm

6.

NeuroMatrix™

Type I Collagen

2.5 cm
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1.5 Current Neural Tissue Engineering Strategies for Peripheral Nerve Repair
Requirements for complete functional peripheral nerve repair include preventing distal stump atrophy,
axon reconnection of the proximal and distal stumps, and the remyelination of newly repaired axons.
Even if conditions are favorable for spontaneous repair, incomplete functional recovery may occur. For
example, distal stump atrophy of sensory axons will result in a loss of total sensation in the affected
area. Incomplete motor axon outgrowth, due to vascular supply limitations, may lead to lower detected
compound muscle action potentials (CMAPs). Incomplete axon reinnervation into the target tissue will
result in a loss of motor control. Incomplete remyelination in heavily myelinated motor nerve chains will
result in slower action potentials and longer muscle reaction times.
Strategies currently researched for successful nerve repair include (1) the addition of growth factors, (2)
stem cell and glial cell transplantation, (3) gene therapy, and (4) the design of natural and synthetic
guidance channels (Lari et al., 2001; Murakami et al., 2003; Pan et al., 2007; Pan et al., 2006; Pollock,
1995). The following sections discuss the outcomes and drawback of these current strategies.
1.5.1 Growth Factors
It is well known that neurotrophic factors are released endogenously by peripheral nervous tissue
following injury. To date, scores of studies in the literature have reported the use of growth factors, such
as nerve growth factor (NGF), glial cell-derived neurotrophic factor (GDNF), brain derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophic factor -4/5 (NT -4/5) (Lykissas et al., 2007), for
repairing peripheral nerve injuries. Some of the most recent growth factor studies have been
summarized in Table 1.3.
Currently, NGF is the most well characterized and the most well studied growth factor for treating
peripheral nerve injuries (Aloe, 2011). After injury, there is a less than adequate amount of endogenous
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NGF produced and released by Schwann cells for complete recovery (Dhar et al., 2007). To date, there
have been many studies that evaluate nerve recovery following exogenous delivery of NGF to the site of
injury. Studies that have been reported include examining the effects of NGF on supporting cell survival,
axon guidance, cell migration, proliferation, and differentiation (Thomas et al., 2010). For example, one
study that was published in 2010 incorporated NGF into nanofibrous conduits then implanted them into
a rat sciatic nerve defect. An increased number of mature nerve fibers were found at week 10 of healing
(Wang et al., 2010a). In addition to improvements in structural nerve regeneration, NGF has increased
functional recovery compared to control groups without growth factors (Wang et al., 2010a). A second
study reported increased nerve conduction velocities in addition to increased axon density and
increased axon diameter compared to nerve conduits that did not contain NGF (Xu et al., 2011). Finally,
the addition of growth factors may improve growth or migration of supporting tissue such as Schwann
cells, which in turn may facilitate axon regeneration (Madduri et al., 2010a).
Unfortunately, not all studies have reported enhanced regeneration from NGF (Kemp et al., 2011). One
study, found that regenerative effects from NGF were dose and duration dependent (Kemp et al., 2011).
In addition, some reports have stated that nerve growth factors such as NGF promote the regeneration
of nociceptive axons, but have little effect on other adult sensory nerves, such as mechanoreceptors,
thermoreceptors, and proproceptors, and motor axons.
For the purpose of repairing multiple axon subpopulations, some laboratories have tried incorporating
multiple growth factors (Table 1.3) (Madduri et al., 2010a). For example, one study incorporated both
40 ng NGF and 40 ng GDNF into a collagen conduit for the repair of 10 mm rat sciatic nerve defect
(Madduri et al., 2010a). Results revealed significant increases in Schwann cell migration into the
conduits’ proximal end within the first two weeks of regeneration (Madduri et al., 2010a). Increases in
overall axon number, axon density, and number of myelinated axons
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were found from groups

containing both NGF and GDNF (Madduri et al., 2010a). The absence of cross- reactivity between growth
factors was verified. Functional testing was not completed (Madduri et al., 2010a).

Not all studies that target the repair of peripheral nerves use the typical neurotrophic factors. Some
studies employ growth factors that were not originally identified for the differentiation and
regeneration of nervous tissue. These growth factors include bone morphogenetic protein 2 (BMP -2),
insulin like growth factor 1 (IGF-1), and fibroblast growth factor (FGF) (Table 1.3). In one study, 40 μl of
200 ng/ml BMP-2 was injected locally twice a day for 7 days into rats with injured facial nerves (Wu et
al., 2010). Axon number, axon diameter, and axon cross-section were significantly greater in the BMP-2
treated group than in controls at 4 weeks post-injury (Wu et al., 2010). In a second study, rat sciatic
nerve defects were treated using 15 μg IGF-1 (Emel et al., 2011). 30 days post injury, the sciatic
functional index showed functional improvement over the saline group (Emel et al., 2011). The G-ratio
was also significantly higher compared to controls (Emel et al., 2011). The mechanism behind growth
factors which were not originally identified for regenerating nervous tissue, such as BMP, IGF, and FGF,
has not been widely investigated to date.

Although nerve growth factors have been successfully incorporated into biomaterial delivery systems,
demonstrated the ability to protect neurons from injury induced death, and promote regeneration
(Kandel et al., 2000), there are still drawbacks to these treatments. For example, the half life of these
proteins is typically short (De Boer et al., 2011; De Boer et al., 2010) and growth factors in solution form
are not expected to be effective (Esaki et al., 2011). Release kinetics varies dependent on the growth
factor, biomaterial, and delivery method. Doses have yet to be optimized. Other strategies for
peripheral nerve repair, which eliminate the concerns regarding growth factor instability or drug
delivery kinetics, include stem cell therapy.
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Table 1.3: A Summary of Growth Factors Utilized for Peripheral Nerve Repair

Growth
Factor(s)
NGF

Delivery Methods
Nanofibers

Repair Site

&

Outcomes

Conduits Rat Sciatic ↑ Mature Nerve Fibers,
Nerve
↑ Func[onal Recovery
↑ Nerve conduction velocities,
prevention of connective tissue
ingrowth
GDNF
Microspheres
Rat Sciatic ↑ Gastrocnemius twitch force
Nerve
↑ Improved Tissue Integra[on
Nerve Fibers across entire area of
regeneration
GDNF or Transfection into Neural Rat Sciatic ↑ Myelina[on from GDNF NSC
BDNF
Stem Cells (NSC)
Nerve
& BDNF NSC
↑Size of Regenerated Tissue
from GDNF NSC & BDNF NSC
↑Blood Vessels from GDNF NSC
↑ Func[onal Gait from GDNF
NSC & BDNF NSC
NGF
& Collagen tube impregnation Rat Sciatic ↑ Early (2-week) regeneration
GDNF
Nerve
BMP-2
Injection
Rabbit
Denser axons
Facial
Thicker axons
Nerve
↑ Tau Protein
IGF-1
Injection
Rat Sciatic ↑ Func[onal Recovery
Nerve
Faster sensory recovery
↑ G-ratios

References
(Wang et
al., 2010a;
Xu et al.,
2011)
(Kokai
et
al., 2011)

(Fu et al.,
2011)

(Madduri et
al., 2010a)
(Wu et al.,
2010)
(Emel et al.,
2011)

1.5.2 Stem Cell Therapy
Stem cells are recognized as the predominant contributor in tissue engineering due to their ability to
proliferate, exhibit self maintenance, differentiate into many cell types, and retain multilineage
potential. Here we briefly discuss the main stem cell sources for peripheral nerve repair, including neural
stem cells (NSCs), mesenchymal stem cells (MSCs), and adipose derived stem cells (ADSCs) (Table 1.4).
Neural stem cells were first isolated in 1992 from embryonic (Reynolds et al., 1992a) and adult central
nervous system tissue (Reynolds et al., 1992b). Following isolation, NSCs were identified to be self-
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renewing and to have multipotent qualities. For the importance in peripheral nerve regeneration, neural
stem cells have been able to differentiate into neurons in vivo and form synapses with the target
skeletal muscles, resulting in decreased atrophy. One study reported that implanted fetal neural stem
cells into rat defects were able to form synapses with the regenerating tibial nerves (Gu et al., 2010a; Gu
et al., 2010b). At 3 and 5 months post injury, compound muscle action potentials (CMAPs) were
detected in the NSC transplanted group. CMAPs could not be detected at any time in the controls.
Histologically, it was determined through the expression of β3-tubulin that implanted NSCS could
differentiate into neurons(Gu et al., 2010a). NSCs could form synapse proteins, such as synaptophysin
and neuromuscular junctions (Gu et al., 2010a).
Stem cells not only provide sustenance surrounding the regenerating nerves, but they are good for
differentiating into nervous tissue needed at the site of injury. For example, Schwann cells are important
in peripheral nerve regeneration for the purpose of neurotrophic factor secretion at the site of injury,
axon guidance towards the distal stump, and myelin secretion around the regenerated nerves.
Unfortunately, it is difficult to harvest enough pure Schwann cells in a time efficient manner for
transplantation (Di Summa et al., 2011). To solve this cell shortage, some studies have differentiated
stem cells into Schwann cells then transplanted the differentiated Schwann cells into the injury site. For
example, one study differentiated mesenchymal stem cells into Schwann cells then transplanted them
into an injured rat sciatic nerve (Ladak et al., 2011). The differentiated Schwann cells exhibited motor
axon outgrowth comparable to primary Schwann cells and greater compared to the control group
without Schwann cells (Ladak et al., 2011). Fifty percent of the differentiated mesenchymal stem cells
were comparable with the native Schwann cells, as they stained positive for Schwann cell markers
including S100, glial fibrillary acidic protein (GFAP), and nerve growth factor receptor (NGFR).
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Adipose tissue is another good source for stem cells because they are easy to obtain, safe to harvest
with minimally invasive surgical techniques, available in abundant quantities, and have favorable culture
and expansion properties (Erba et al., 2010). Adipose derived stem cells (ADSCs) are extracted from
adipose tissue and have the ability to differentiate down several lineages including the neural lineage
into astrocytes, ogliodendrocytes, and neurons (Tobita et al., 2011). ADSCs have been able to accelerate
the growth of blood vessels and nerve sprouts, which may be due to their ability to secrete myelin
components, growth factors such as vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF) and hepatocyte growth factor (HGF), and neurotrophic growth factors such as BDNF, NGF,
and GDNF (Lopatina et al., 2011; Santiago et al., 2009). In one study, ADSC seeded conduits were able to
increase axon outgrowth in a 1 cm rat sciatic nerve gap significantly better than growth factor seeded
conduits (Erba et al., 2010). In addition, greater Schwann cell invasion into the distal stump was noted
14 days following transplantation (Erba et al., 2010).

Functional improvements have been observed using ADSCs as well. For example, transplanted ADSCs
into the mouse peroneal nerve accelerate functional recovery over a two week period compared to
negative controls (Lopatina et al., 2011). Specifically, a 3.7 fold higher action potential amplitude was
detected compared to the control, suggesting that more fibers were involved in conduction (Lopatina et
al., 2011). A 1.7 fold reduction of latency period was identified 7 days after injury, indicating better
myelination and increased fiber thickness (Lopatina et al., 2011).

Unfortunately, stem cells do not offer complete nerve repair which may be due to several factors. For
example, it is well known that differentiated stem cells may not be an exact model of the native nervous
tissue (Potter et al., 2011). Harvested stem cells from the host tissue are difficult to purify and may
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contain a heterogenous population. Finally, stem cell sources may vary from culture to culture. Future
studies using implanted stem cells need to assess long term survival, up until regeneration is complete.
Table 1.4: A Summary of Stem Cell Therapies for Peripheral Nerve Repair

Stem Cell Therapy
Neural
(NSC)

Stem

Mesenchymal
Cells (MSC)

Stem
Cell Outcome
Implantation Site

Cells Rat Tibial Nerve

Reference

Synapse formation with implanted (Gu et al., 2010a;
neural stem cells
Gu et al., 2010b)

Stem Rat Sciatic Nerve
Dog Sciatic Nerve

-Promote motor axon outgrowth
(Ding et al., 2010;
-nerve regeneration and functional Ladak et al., 2011;
recovery
Pereira Lopes FR
Skin-Derived
et al., 2010)
Mesenchymal Stem Porcine peripheral ↑ Nerve bundles
Cells
nerves
↑ Schwann cell protein
(Park et al., 2011)
Adipose
Derived Rat Sciatic Nerve
-axonal outgrowth
(Erba et al., 2010;
Stem Cells (ADSC)
-Schwann Cell Proliferation into the Lopatina et al.,
distal stump
2011; Santiago et
-Distal Nerve End Protection
al., 2009)

1.5.3 Gene Therapy Strategies
Due to the short half life of some neurotrophic factors and the inability of delivery systems to release
drugs within the required “therapeutic window,” there is a need to identify efficient and innovative
ways for delivering drug to treat nervous tissue damage. Drug delivery via gene therapy is a unique
method that allows for a continuous supply of neurotrophic factor release at the injury site. Gene
therapy works by using DNA as the drug and aims to express the therapeutic gene at the site injury (Li et
al., 2008b). Since gene therapy is able to target nervous tissue specifically, this method can release
growth factors according to the physiological role of neurotrophins in vivo within the key area of
damage. In the past, gene therapy has been investigated for use in the central nervous system as a
novel method for delivering drugs across the blood brain barrier. However, this therapy has also been
reported for delivering growth factors for repairing the peripheral nervous system. Genes that have
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been delivered to peripheral nerve injuries include those that encode for growth factors, such as NGF,
HGF, and BMP-7. The main transfection methods for gene delivery to the peripheral nervous system
include the herpes simplex virus and the adenovirus (Table 1.5) however additional viruses such as the
lentivirus and adeno associated virus have been utilized in addition to methods such as electroporation
(Mason et al., 2011). Benefits and drawbacks of the herpes simplex viral vectors and the adenovirus for
delivering neurotrophic genes and their ability to regenerate peripheral nerve injuries are described in
the following paragraphs.
The herpes simplex virus (HSV) is a vector that has shown aptitude for infecting the nervous system and
can maintain long term dormancy in neurons (Esaki et al., 2011; Mason et al., 2011). Results using HSV
have been positive for promoting peripheral nerve regeneration. For example, one study micropipetted
106 plaque forming units (pfu) of HSV- hepatocyte growth factor (HGF) onto a compressed murine facial
nerve. Between days 7 – 12, mice exposed to the HSV-HGF vector exhibited faster recovery from
paralysis due to nerve compression than the control group (Esaki et al., 2011). By day 14, the HGF and
control groups completely recovered from paralysis (Esaki et al., 2011). Functional changes were also
detected. For example, the amplitude of the compound muscle action potential of the buccinator
muscle was greater on day 7 and day 14 in mice treated with HGF than the control group (Esaki et al.,
2011).
Another study utilized HSV to transfect NGF into human embryonic kidney (HEK-293) cells. HEK-293 cells
are good because they have little to no immune response due to their embryonic nature and are stable,
allowing for easier transfection. NGF transfected HEK-293 cells were then transplanted into the rat
sciatic nerve following injury. Increases in small diameter nerve fibers and an increased functional index
were reported (Scholz et al., 2010).
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The adenovirus is another common vector the second vector, historically identified for transfection of
growth factor genes for nerve regeneration. In one study, HGF was injected along with acellular nerve
guides following a rat sciatic nerve injury (Li et al., 2008b).

Results revealed

increased

neovascularization at week 16 compared to accellular nerve guides alone (Li et al., 2008b).
Genes encoding growth factors have also been transfected into supporting nervous tissue, such as
Schwann cells and fibroblasts, which are then transplanted at the site of injury (Mason et al., 2011).
Gene therapy has also been examined for knocking down inhibitory molecules, such as neuroglycan 2
(NG2), that promote glial scar tissue formation (Donnelly et al., 2010). However, this has been reported
in literature for central nervous system repair, such as in the spinal cord.
Table 1.5: A Summary of Gene Therapies for Peripheral Nerve Repair

Gene

Transfection
Method
Herpes
Simplex Virus

Delivery
Method
HEK-293 Cells

HGF

Herpes
Simplex Virus

Injected
injury site

HGF

Adenovirus

NGF

BMP
-7

Injury
Site
Sciatic
Nerve

Outcome

↑ small diameter (< 6 μm) (Scholz et al.,
nerve fibers
2010)
↑ func[onal index

into Murine
facial
nerve

Injected
into
Primary Muscle
Cells
Adenovirus
Injected
into
shuttle vector injury site

Reference

Rat
Sciatic
Nerve
Rat
Sciatic
Nerve

Faster recovery from nerve
compression
↑ muscle compound ac[on
potential
↑Neovasculariza[on
↑ Axon Outgrowth

(Esaki
2011)

et

al.,

(Li
et
2008b)

al.,

↓ Macrophage Ac[va[on
↓ Nerve Demyelina[on
↓ Axonal Degenera[on
↑ Schwann Cell Prolifera[on

(Tsai et
2010)

al.,

Drawbacks with gene therapy include the difficulty of turning genes on at the start of repair and then off
when repair is complete. In addition, neurons are difficult cell type to transfect. For viruses, like the HSV
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it is difficult to be efficient without being neurotoxic. Finally, FDA approval for clinical use may be
difficult due to biosafety concerns. For example, the introduction of vector impurities may cause an
inflammatory response and the possibilities of introducing gene mutations may pose an increased
cancer risk (Mason et al., 2011). Materials that are already FDA approved may be an easier and faster
method for clinical translation.
1.5.4 Nerve Graft Strategies
For replacing the autograft, tissue engineered nerve grafts (TENGs) made out of synthetic, natural, and
biological materials are currently being researched. Synthetic materials have included poly(lactic acid)
(PLA), poly(lactic-co- glycolic acid) (PLGA), poly(ε-caprolactone) (PCL), polyamidoamines (PAA),
poly(ethylene glycol) (PEG), and silicone (Table 1.6); natural materials have included chitosan, collagen,
gelatin, fibronectin, hyaluronan, keratin, and silk (Table 1.7); biological materials have included artery,
vein, muscle, tendon, or skin (Table 1.8).
Synthetic materials that are used for tissue engineered nerve grafts typically posses mechanical integrity
but can vary in degradability from biodegradable to not degradable (Table 1.6). Synthetic tubes that are
not degradable may cause foreign body response, scar formation, and infection and may require a
second surgery to remove. In addition, if synthetic materials are not fully absorbable, they pose risk for
chronic inflammation and nerve compression (Kakinoki et al., 1995; Lundborg et al., 1982; Madison et
al., 1988; Madison et al., 1987; Navarro et al., 1996; Robinson et al., 1991). Silicone is one of the early
synthetic materials that were used as a bridge material. Since silicon is not able to degrade or expand; it
is considered a biologically inert material, and may be needed to be removed following repair. One
study implanted silicone tubes into the human ulnar and median nerves for repairing short gap (up to 1
cm) peripheral nerves (Braga-Silva, 1999; Lundborg et al., 2004). Five years following treatment, there
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was not any difference between the silicone tubing and microsurgical repair(Lundborg et al., 2004).
However, results began to vary with the longer nerve gaps (Braga-Silva, 1999; Lundborg et al., 2004).

Table 1.6: A Summary of Synthetic Materials Utilized for Tissue Engineered Nerve Grafts (TENGs)
Nerve Graft
Biomaterial

Material Properties

Regenerative Outcome

Ceramic particles
(genipin-crosslinked gelatin)

Biodegradable
No large inflammation

Nerve fiber morphology similar to
normal nerves
↑ scia[c func[onal index

Polyamidoamines
(PAA)

(Magnaghi et al.,
2011)

(hydrogels)

Biocompatible
↑ regenera[on
Biodegradable
(fiber density, axon size, & myelin
Tunable elasticity
thickness)
Low interfacial tension

poly(εcaprolactone)
(PCL)

Mechanically Strong
Selectively Permeable
Hydrophilic

↑myelination
↑ nerve ﬁbers

(Liu et al., 2011; Oh et
al., 2008)

Biocompatible
Soluble/gels exhibit
favorable hydration

↓ leakage of lactate dehydrogenase
↓ forma[on of reac[ve
oxygen species
↑ exploratory behavior
↓ beta-amyloid precursor protein
(APP) accumulation

Poly(ethylene
glycol) (PEG)

Tunable mechanical
properties
Poly(lactic-coglycolic acid)
(PLGA)
polyvinyl chloride
(PVC)
Silicone

Rigid
Inflammatory

Sustain nerve regeneration
↑ axon diameter
Thicker myelin sheath

Mechanically Strong

↑ myelina[on

Biologically Inert
Not Degradable

Growth factor accumulation in graft
Poor growth and myelinatoin

Reference

(Yang YC et al., 2011;
Yang YC et al., 2010)

(Cho et al., 2010; Koob
et al., 2006; Koob et
al., 2008)

(Chang et al., 2007b;
Chang CJ et al., 2005;
De Boer et al., 2011;
Oh SH et al., 2008)
(Penna V et al., 2011)
(Braga-Silva, 1999;
Lundborg et al., 2004)

Some groups have developed synthetic degradable grafts. In one study, a polyamidoamine hydrogel
graft was used to repair the rat sciatic nerve (Magnaghi et al., 2011). Increases in fiber density, axon
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size, and myelin thickness were observed compared to the sham (Magnaghi et al., 2011). However,
resorption of these conduits may result in inflammatory reactions and fibrosis around the area of
implant.
It has been stated that natural materials offer better regeneration quality than synthetic material (Li,
2008). However, natural materials tend to have weak mechanical properties (Table 1.7). Several of the
natural materials such as alginate, collagen, fibrin, fibronectin and keratin have been utilized in the form
of a gel.
Table 1.7: A Summary of Natural Materials Utilized for Tissue Engineered Nerve Grafts (TENGs)

Nerve
Biomaterial
Alginate Matrix

Chitosan

Collagen

Fibrin
Fibronectin

Gelatin

Hyaluronan

Keratin
poly
hydroxybutyrate
(PHB)
Silk

Graft Material Properties

Regenerative
Outcome
Gentle Gelling
Schwann cell viability
Biologically Inert
↑ growth profile
(with fibronectin)
Poor degradability
↑
myelina[on
Mechanically
weak ↑ % in CMAPs
Inflammatory reaction
Biocompatible
Partial nerve function
Degradable
Mechanically weak
Controllable gelation
Axon
growth
Soft
Tissue Integration
Angiogenic
Mechanically weak
Schwann cell, fibroblast
growth
Mechanically weak
Unmyelinated
axon
Plasticity
outgrowth
Adhesiveness
Schwann cell increase
Cheap
Non-immunogenic
Attachment,
Degraded by hydrolysis
proliferation,
micro
Angiogenic byproducts
vascular integration
Biocompatible
↑
axon
density
Mechanically weak
↑
axon
diameter
↑ conduc[on delay
↑ amplitude recovery
3- Biodegradable
↑ Schwann cells

Reference
(Mosahebi et al., 2003;
Sufan et al., 2001)
(Li X et al., 2010; Simões
MJ et al., 2010)
(Cao et al., 2011; Ding
et al., 2011; Phillips JB
et al., 2005)
(Kalbermatten et al.,
2009; Scott et al., 2011)
(Ahmed et al., 2003)
(Chen et al., 2005; Liu,
2008)

(Zavan et al., 2008)

(Apel PJ et al., 2008; Hill
et al., 2011)

(Mohanna et al., 2003)
Biocompatible

↑ proximal sprouts
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(Ghaznavi et al., 2011;

Mechanically stable
Varying degradation rates

↑ distal connec[ons
Lin et al., 2011; Yang et
↑
nervous
[ssue al., 2011)
density

Several biological materials including artery, vein, muscle, tendon, and skin have been utilized for
creating grafts to repair nerve defects. While biological materials do not offer structural integrity or
functionality (Di Summa et al., 2010), biological materials have been suggested for use as tissue
engineered nerve grafts as they are a good option for preventing immunogenicity. One study compared
vein and dermal grafts for repairing a 10 mm nerve gap. Density and average nerve fiber area was
greater in the venous group compared to the dermal group (Fatemi MJ et al., 2010). In the dermal
group, fibrous tissue was present through the graft and few axons were present. To avoid lumenal
collapse, some studies have tried decellularized artery grafts instead of venous grafts (Sun et al., 2011).
Allografts are another option from biological material used for bridging nerve gaps. Unfortunately, the
availability of donor nerves for allografts is limited. The implantation of allografts will require the use of
immunosuppresent drugs by the patient (Di Summa et al., 2010).
Table 1.8: A Summary of Some Biological Materials Utilized for Tissue Engineered Nerve Grafts (TENGs)

Nerve
Biomaterial
Artery

Vein

Graft Material Properties
Biocompatible
Mechanically weak
Biocompatible
Mechanically weak

Regenerative
Outcome
↑ myelina[on

Reference
(Sun et al., 2011)

↑ density
↑ area of nerve ﬁber
(Fatemi MJ et al., 2010;
(compared to dermal Marcoccio et al., 2010)
conduit)

Many papers have reported using biomaterial composites for nerve guides in order to exploit more of
the required material properties. Some examples include the fabrication of collagen and laminin
crosslinked scaffolds (Cao et al., 2011), collagen/poly(e-caprolactone) electrospun fibrous nerve
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conduits (Yu et al., 2011), chitosan and PLA composite nerve conduits (Xie et al., 2008). For the purpose
of a mechanically strong outer layer and a soft inside layer some reports have demonstrated grafts using
a synthetic outer shell filled with a natural soft biomaterial for the inner layer. However, fillers need to
allow for cell and chemical migration into the tube and gels may limit oxygen and nutrient diffusion
(Goto et al., 2010).
Tissue engineered nerve grafts have been designed into several shapes including tubes, sieves,
rectangular scaffolds, and cuffs. The tubular shape of the nerve graft is good for preventing the invasion
of fibroblasts, preventing the invasion of inflammatory particles, helping to align Schwann cells, and
ultimately cultivating a microenvironment for repair (Fatemi MJ et al., 2010). For conduits to be
effective for regeneration, the conduits’ material needs to be biocompatible with nervous tissue, have a
degradation rate that is commensurate with the time of regeneration, have little to no immune
response, be mechanically stable, and allow for molecular diffusion. The simplest graft to translate into
the clinic for long gap peripheral nerve repair is to use an already FDA approved material. To satisfy all of
the above requirements, it is clear that there is a need to utilize a versatile biomaterial that can be
functionalized to satisfy multiple needs.

1.6 Silk Fibroin for Neural Tissue Engineering
1.6.1 Silk Structure and Function
Silk is a well known natural material originating from sources including spider, silkworms, honeybees,
scorpions, mites, and flies (Altman et al., 2002). Depending on the source, silk differs widely in structure
and properties (Altman et al., 2002). Silk that originated from the Bombyx mori silkworm is composed of
a heavy chain fibroin approximately 391 kDa and a light chain fibroin 27 kDa, held together by a disulfide
bond with glue-like proteins termed sericins that bind fibers formed from the fibroins (Sofia et al., 2001;
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Zhou et al., 2000). B. mori silk is composed of a core repeating primary glycine-alanine-serine sequence
ending with approximately 100 amino acid N terminal and C terminal domain (Omenetto et al., 2010). B.
mori silk is mostly hydrophobic with short hydrophilic charged sequences (Omenetto et al., 2010).
Silk is widely utilized in biomedical applications due to its high mechanical strength, toughness, and
processibility. Silk is enzymatically degradable, dependent upon beta sheet content, and more
biocompatible than other commonly used FDA approved synthetic materials, such as Poly(lactic-coglycolic acid) (Altman et al., 2003; Panilaitis et al., 2003). Silk can be processed into scaffolds, films, gels
and fibers. Silk has been studied extensively in a variety of in vitro and in vivo settings (Etienne et al.,
2009; Kim et al., 2010a; Wang et al., 2008). Modifiable material parameters include degradation time,
surface topography, porosity size and number, and mechanical strength.
1.6.2 Silk Fibroin for Nerve Repair
As a biomaterial, silk has been shown to have good biocompatibility with peripheral nervous tissue
(Yang et al., 2007a). Since silk is fully degradable, it leaves less of an effect on nerve compression and
chronic inflammation. In addition, silk fibroin films have been used in applications for conformal biointegrated electronics for detecting electrical activity in the cortex (Kim DH et al., 2010).
1.6.3 Silk for Peripheral Nerve Guides
Currently, the autograft continues as the ‘gold standard’ for healing peripheral nerve injuries.
Unfortunately, functional outcomes using autografts are still suboptimal (Scholz et al., 2010) and
typically do not work or are not available for repairing long gaps. While some studies have shown that
tissue engineered nerve grafts (TENGs) may work equally as well as the autograft, there has yet to be a
graft that has proven superior to the autologous nerve graft. Here we summarize the current
approaches utilizing conduits and limitations to these approaches (Table 1.9).
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Table 1.9: Current Approaches and Current Limitations of Peripheral Nerve Guides

Current Nerve Guide Approaches
Limitation
1. Synthetic materials (Non-degradable, constrictive)
Conduit Biomaterials
(Chang et al., 2007a; Kakinoki et al., 1995; Lietz et al., 2006; Oh et
al., 2008; Xie et al., 2008)
2. Fast Degradation, Lack of Mechanical Integrity
(Ahmed et al., 2003; Whitlock et al., 2009; Yao et al., 2010a)
1. Non-Functionalized Conduits
(Yang et al., 2007b)

Short Gap Regeneration
(Limited Axon Outgrowth,
Guidance)

2. Limited Functionality
(Allmeling et al., 2006; Madduri et al., 2010c; Uebersax et al.,
2007)
It would be ideal to have a replacement nerve guide that works at least as well as the autograft. The
engineered guide would avoid the use of another nerve or require a second surgery. This guide would be
biodegradable, and biocompatible (Kehoe et al., 2011), available “off the shelf,” and utilized to treat
nerve injuries even after a one-month delay (Kehoe et al., 2011; Shi et al., 2010).
To foster an environment for peripheral nerve repair, nerve designs must mimic the native peripheral
nerve architecture and must be flexible, porous, promote the release of nerve growth factors
(endogenous or exogenous), allow for extracellular matrix deposition and Schwann cell migration,
provide cues for guiding sprouting axons from the proximal to distal stump, increase the rate of axon
outgrowth to prevent distal stump atrophy, and allow for remyelination of newly repaired axons (Kehoe
et al., 2011). Nervous tissue, including Schwann cells, will need to adhere, proliferate, and migrate
through the conduit. The graft will allow for cell and matrix alignment in addition to neovascularization.

1.7 Functionalized Silk Nerve Guides for Axon Outgrowth
While silk is a promising material for nerve regeneration, we need a design that functionalizes conduits
promoting neuron attachment, elongation and guidance. The goal of this project was to identify
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strategies then functionalize silk nerve conduits for the attachment, elongation and guidance of neuron
axon in vitro. We hypothesized that electronic biomaterial systems based on silk proteins will provide
novel ‘living like’ systems for attaching, elongating, and guiding peripheral nerves. To accomplish this, a
combination of novel biophysical, biochemical, and bioelectrical strategies were integrated into a silk
nerve conduit system.

Strategies that were explored included biochemical, growth factors and

attachment proteins, biophysical, surface topographies, and bioelectrical, electrical stimulation. Best
strategies were then combined on flexible silk substrates. Finally, tools were integrated into a silk nerve
conduit then tested for effectiveness in vitro. The overall design is shown in Figure 1.6. Each of these
strategies and their effect on axon outgrowth are described in the following chapters.

Figure 1.6: A Design of a Multi-functional Silk Nerve Guide. Conduit dimensions are based on the repair
of a critically sized defect of a rat sciatic nerve (Image by Marie Tupaj, Unpublished, 2008).
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Chapter 2: BIOELECTRICAL STRATEGIES
2.1. Introduction
Restoration of functional peripheral nerves is a complex process. Following injury, the first challenge is
to accelerate axon outgrowth prior to distal stump atrophy. While several strategies have been
attempted, there is not one method for complete functional restoration.
Neurons are well known as excitable cells and can be characterized by an array of electrical properties
including resting membrane potential, action potential frequency, action potential duration, resistance,
and capacitance. These electrical properties are present in neural tissues, vary by tissue health, tissue
age and are present in developing, normal, and wounded tissues and organisms (Figure 2.1).
Although the presence of electrical signals was first identified over 300 years ago, the application of
electrical stimuli has not been fully exploited for restoring tissue function. Electric fields have several
advantages over alternative approaches, including the absence of toxic chemicals, the absence of
immunogenic responses in the host tissue, and cost friendly applications when compared with growth
factors and many chemicals. In addition, electric field techniques require little cell handling and
processing. Many devices used for electrical stimulation employ simple equipment designed with a basic
theoretical understanding of electromagnetism. Furthermore, devices that incorporate electrodes into
tissues work well for repeatedly treating the same specific area depending on size in culture or in vivo.
Finally, electrodes can be used for acquiring data, specifically monitoring action potentials at the area of
treatment.
Past studies have demonstrated that electrical stimulation alters several properties of engineered
tissues including cell differentiation, proliferation, morphology, adhesion, migration, and function (Table
2.1). For example, while uniform DC field stimulation typically directs cell orientation, alters cell
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morphology, and directs cell migration, AC fields enhance cell differentiation and increase tissue
function following field application (Hronik-Tupaj et al., 2011a) (Table 2.1).
While the effects of electrical stimulation has been examined on several cell types, on several tissue
types, and on neuron regeneration in vivo, there have been few studies that have examined the effects
of electric fields on neuron outgrowth in vitro (Graves et al., 2011; Koppes et al., 2011). The objective of
this study was to apply a range of moderate electric field strengths and assess effects on axon
differentiation and axon outgrowth on SH-SY5Y stem cells undergoing neural differentiation.

Figure 2.1 - Electric fields are innate in organisms (a) During cell development, ion channel expression
regulates phenotype. In this image, overexpression of potassium voltage-gated channel subfamily E
member 1 (KCNE1) induces hyperpigmentation in frog embryos (Morokuma et al., 2008). Current flow is
in the μA range. Voltage potential is in the mV range. (b) Electric currents radiate outward, in the μA
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range, perpendicular to wounds and amputations in newts and frog digits (Borgens et al., 1979; Hotary
et al., 1994). (c) Differences in ion concentration across cell membranes create voltage gradients.
Voltages in the mV range are measured across the intercellular and extracellular space in cells. Different
potentials are measured per cell and per membrane. Electric field strength across a cell’s membrane is
on the order of 1 million V m-1 as the distance across the cell membrane is in the nm range. (d) Exposure
to high strength electromagnetic fields in the kV range may cause disease or earlier disease onset, while
changes in a tissues’ permittivity or conductivity may be a biomarker of disease (Joines et al., 1994). (e)
Voltage potentials are detected in the mV range in the intercellular space and in the μV range in the
extracellular space of cardiac and neuronal tissues. Ionic current propagation, detected in the mV range,
is the method of physical signal transduction in excitable tissues (Hronik-Tupaj et al., 2011a).
Table 2.1: Tissue Responses to DC and AC Fields (Hronik-Tupaj et al., 2011a)
Tissue Response to Applied DC Cells & Tissue Type
Fields
Morphology (orientation)
Cardiac, Human Adipose Derived
Stem Cells, Rat Mesenchymal
Stem Cells, Human Skin Cells
Migration
Corneal Epithelial Cells, Adipose
Derived Stromal Cells, Vascular
Endothelial Cells, Keratinocytes,
Fibroblasts (Mouse Embryo &
Human)
Differentiation
Human Dermal Fibroblasts,
Human Mesenchymal Stem Cells,
Bovine Chondrocytes
Tissue Response to Applied AC Cells & Tissue Type
Fields
Functionality
Neuron (Rat), Muscle (Skeletal &
Cardiac)
Differentiation

Proliferation

Human Mesenchymal Stem Cells,
Bovine Cartilage, SAOS-2 Cells
(Human Sarcoma Osteogenic),
Mouse Osteoblasts (MC3T3-E1)
Primary Rat Osteoblasts, Human
Bone Marrow Stem Cells, Human
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Morphology

Adhesion

Osteoblasts (SAOS-2), Primary al., 2009a; Tsai et al., 2007)
Bone (Rabbit)
Human Chondrocytes, Jurkat (Jahns et al., 2007; Sebastian et
Cells, SAOS-2
al., 2007a; Sebastian et al.,
2007b)
Fibroblasts (Rat Tendon & (Blumenthal et al., 1997; Sun et
Human), Rat Bone Marrow al., 2006)
Osteoprogenitors, Rat Bone
Marrow MSCs

2.2 Materials & Methods
2.2.1 Alternating Current (AC) Device Design
24K gold sheets (Rio Grande, Albuquerque, NM), having thickness of 0.25 mm, were cut into dimensions
of 2 mm x 10 mm then secured, using conductive silver paste (TedPella, Redding, CA), to 99.95%
biocompatible, non-corrosive platinum wire (Surepure Chemetals, Florham Park, NJ), 0.005 inches in
diameter. The conductive silver paste was allowed to dry overnight. The following day, gold electrodes
and platinum wire were secured inside a 60 mm diameter Petri-dish with non-toxic silicone aquarium
glue (PETCO, San Diego, CA). Silicone glue was allowed to dry for at least 2 days.
2.2.2 SH-SY5Y Stem Cell Culture
SH-SY5Y stem cells (ATCC, Manassas, VA), originating from a human neuroblastoma cell line, were
thawed, then expanded in culture at a density of 5,000 cells/cm2 using a 50:50 composition of
DMEM/F12 (Invitrogen Corp., Grand Island, NY), 10.0% fetal bovine serum (Invitrogen Corp.), and 1.0%
penicillin-streptomycin (Invitrogen Corp.). Stem cells were incubated at 37°C in 5% CO2. Media was
changed two times per week and passaged at 80% confluency. All experiments used stem cell passage
numbers between P1-P6.
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2.2.3 Toxicity Assessment of Chamber Materials
SH-SY5Y stem cells were plated at a density of 5,000 cells/cm2 in 60 mm petri dishes containing either
approximately 5 μL of silver paste, approximately 50 μL of silver paste, approximately 5 μL of silicone
glue, or approximately 50 μL of silicone glue. As a control, SH-SY5Y stem cells were seeded at a density
of 5,000 cells/cm2 in 60 mm petri dishes without silver paste or silicone glue. On day 3 and day 5, phase
contrast images were taken of SH-SY5Y stem cells in each group. Images were taken in 3 areas per
sample in the same field of view. Cell attachment, morphology, and proliferation were compared to the
control group.
2.2.4. SH-SY5Y Cell Culture Media Conductivity Measurements
SH-SY5Y cell culture media containing a 50:50 composition of DMEM/F12 (Invitrogen Corp., Grand
Island, NY), 10.0% fetal bovine serum (Invitrogen Corp.), and 1.0% penicillin-streptomycin (Invitrogen
Corp.) was poured into a 10 cm petri dish. Electrodes were placed 5 mm apart and voltage was applied
at 50 mV, 75 mV, 100 mV, 125 mV, 250 mV 300 mV, 400 mV and 500 mV at 20 Hz, 100 Hz, 1000 Hz, and
10,000 Hz frequencies. Current was measured through the chamber, graphed as current vs. voltage (I-V)
and resistance was calculated as the slope of the graph. Resistivity was calculated as the resistance
multiplied by cross-sectional area divided by length, and media conductivity was calculated as the
inverse of resistivity and reported in S/m. The value of media conductivity was added to our COMSOL
Multiphysics® electric field model (as described below). We assumed that the media conductivity did not
vary between electrical stimulation treatments or between media changes.
2.2.5. Electric Field Modeling
Electric field strength modeling across the chamber was completed using the electrostatics module for
stationary objects in COMSOL Multiphysics® (Burlington, MA), version 4.2, software. COMSOL
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Multiphysics® approximates partial differential equations by finite element analysis methods. Electric
field strength was calculated through equations:
∇ ∙ ࡰ = ߩ; ࡰ = ߝ ε୰ ۳; ࡱ = − ∇ ࢂ; where D = electric field flux (V m); ρ = relative permittivity; ɛ0 =
electric constant = 8.85418782×10−12 F·m−1; ɛr = dielectric constant; E = electric field strength (V/m), V =
applied max voltage (A Ω). Briefly, the AC chambers were constructed using the COMSOL geometry
feature. Chamber materials were either selected from the COMSOL Multiphysics® material library or
created for the study. Materials utilized in the model included gold and cell culture media. The material
properties were defined as follows: gold (σ = 4.5 *107 S/m; ρ = 9.0) and SH-SY5Y neuron culture media (σ
= 14.4 S/m; ρ = 78), where σ = materials’ conductivity and ρ is the materials’ relative permittivity (Eisuke
Ishikawaa et al., 1997; Hyung-Kew L et al., 2005; Sun et al., 2009a). Conductivity of neuron culture media
was measured. The waveform applied to the model was a 0.120 V 1 kHz, sine wave. The geometry was
meshed as a coarse free tetrahedral then solved for voltage (mV), electric field strength (mV/m) and
direction.
2.2.6 SH-SY5Y Stem Cell Seeding, Neural Differentiation & Field Application
For sterilization, AC chambers were soaked in 70% ethanol for 1 hour, washed 4 times with PBS, then
exposed to ultraviolet light overnight in a laminar flow hood. The following day, SH-SY5Y stem cells were
seeded at a density of 5,000 cells/cm2 into AC chambers then connected to 22 gauge solid wire and
placed in parallel with two additional chambers, allowing for multiple simultaneous sample stimulation.
The chambers sat in one of six wells per tray, which were made from Teflon® (McMaster-Carr, Santa Fe
Springs, CA). For neuron differentiation, 1 μM retinoic acid (RA) (Kim et al., 2008) and 50 ng/mL of nerve
growth factor (NGF) (Oe et al., 2006; Price et al., 2006) was added to the media. Differentiating SH-SY5Y
stem cells were exposed to either 120 mV 20 Hz, 120 mV 1000 Hz, or 500 mV 1000 Hz for 45 minutes
over 9 days. All treatments occurred at 37°C. Prior to each treatment, the voltage across each chamber
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was measured to verify correct field strength. As a control, SH-SY5Y stem cells were seeded into 60 mm
cell culture dishes. 1 μM RA and 50 ng/mL NGF were added to the media.
2.2.7 Live-Dead Stain
On day 9 following stimulation, media was aspirated from the AC chamber, and a phosphate buffered
saline solution containing 2 μM calcein AM and 4 μM EthD-1 (Invitrogen Corp., Grand Island, NY) was
added directly to the neurons. Neurons were incubated at 37°C for 30 minutes. For detecting live cells,
neurons were imaged with a fluorescence microscope using 494 nm and 517 nm filters. For detecting
dead cells in the same field of view, a second image was taken using 528 nm and 617 nm filters. Images
of the live and dead cells were overlayed using ImageJ (National Institutes of Health, Bethesda, MD,
USA). Differentiated unstimulated SH-SY5Y neurons were used as a positive live control. As a dead
negative control, SH-SY5Y neurons were soaked in ethanol for 10 minutes, then stained using the calcein
and EthD-1 working solution.
2.2.8 Real time-Polymerase Chain Reaction (RT-PCR)
On day 3, day 6, and day 9, media was removed from the AC chambers and neural differentiating SHSY5Y stem cells were trypsinized, resuspended in cell culture media, then centrifuged at 1250 rpm for 5
minutes. Following centrifugation, the supernatant was removed, cells were lysed in 1 mL of trizol
(Invitrogen Corp, Grand Island, NY) then stored at -80°C. mRNA was collected using the Qiagen RNEasy
Extraction kit (Qiagen, Valencia, CA). mRNA was converted to cDNA using the PTC-100 Programmable
Thermocontroller (MJ Research, Inc., Waltham, MA). cDNA was amplified with the TaqMan Universal
PCR Master Mix (Applied Biosystems, Foster City, CA) and the ABI Prism 7000 Sequence Detection
System (Applied Biosystems). RT-PCR determined gene expression levels of mid marker nestin (Applied
Biosystems, Carlsbad, CA Assay ID #: Hs000120_s1) and late marker β3-tubulin (Applied Biosystems,
Carlsbad, CA Assay ID #: Hs00801390_s1). TaqMan® gene expression assays were purchased through
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Applied Biosystems (Carlsbad, CA). Relative gene expression was normalized to the housekeeping gene
GAPDH (Assay ID #: Hs99999905_m1) and calculated using the formula 2(Ct value of GAPDH – Ct value of gene of interest)
as previously used in our lab (Mauney et al., 2007) and recommended by the manufacturer (Perkin
Elmer User Bulletin #2, Applied Biosystems, Foster City, CA). The threshold cycle (Ct) was selected in the
linear range of fluorescence for all genes. Sample size is n = 6.
2.2.9 Immunostaining
AC Chambers containing SH-SY5Y differentiating neurons were fixed at room temperature for 30
minutes in 4% paraformaldehyde then permeabilized for 5 minutes in 0.3% triton X-100 and PBS.
Following permeabilization, samples were incubated at 37°C for 2 hours with a primary rabbit antimouse β3-tubulin antibody (Sigma-Aldrich, St. Louis, MO) in 10% fetal bovine serum and PBS. Following
incubation with the primary antibody, samples were washed 3 times in PBS then incubated at room
temperature for 30 minutes with a secondary antibody, a fluorescein isothiocyanate (FITC) – conjugated
goat anti-rabbit IgG (Sigma-Aldrich, St. Louis, MO). Following incubation of the secondary antibody,
samples were washed three times in PBS and imaged in distilled water using a Leica DMIL fluorescence
microscope (Leica, Wetzlar, Germany) with 470 nm + 20 nm and 525 + 25 nm filters. Staining was
completed on day 3, day 6, and day 9. Six images were taken per group per time point. As a negative
control, undifferentiated SH-SY5Y stem cells were seeded at 5,000 cells/cm2 in 60 mm petri dishes,
allowed to attach overnight, and stained.
2.2.10 Quantification of Axon Length
Axon outgrowth was quantified from programs written in MATLAB and graphed on day 3, day 6, and day
9. The number of cells quantified was n = 30 per group, per time point.
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2.2.11 Quantification of Axon Branching
Axon branching was quantified on day 3, day 6, and day 9 as the number of branches stemming from the
main axon. Sample size was n = 30, per group, per time point.
2.2.12 Statistical Analysis
RT-PCR measurements were reported as the mean + 1 standard deviation. Axon length and axon
branching was reported as the mean + 1 standard error, σ = σ/√n. Standard error was used when
reporting axon length and axon branching to take into account the large sample size. Statistical
significance was reported in all cases using an unpaired two-tailed t-tests with a 95% confidence interval
(p < 0.05).
2.3 Results and Discussion
2.3.1 Alternating Current (AC) Device Design
The AC chamber is imaged in Figure 2.2B. Chambers were scaled up for ease of stimulating multiple
samples at once (Figure 2.2C). As electrodes are in direct contact with the media (Figure 2.2B), the
mechanism of this device is the transfer of electric current to ionic current across the electrodeelectrolyte interface(Hronik-Tupaj et al., 2011a). For the purpose of modeling an infinite electric field in
2D, the length of the gold electrodes was at least twice the distance between electrodes (Figure 2.2A).
For an even field distribution between the electrodes, a straight electrode edge was fabricated. In the
literature, it has been reported that several groups have constructed their own simple AC stimulation
chambers, depending on the type of parameters, and requirements that are needed (Borschel et al.,
2004; Fassina et al., 2007; Serena et al., 2008; Tandon et al., 2009a).
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Figure 2.2: An AC Chamber for neural stimulation (a) Design of a Simple AC Stimulation Chamber
(Dimensions labeled - Not drawn to scale). (b) Fabrication of a Simple AC Stimulation Chamber (c)
Fabrication of Multi-well AC chambers (Hronik-Tupaj et al., 2011a).
2.3.2 SH-SY5Y Neural Stem Cell Culture & Differentiation
The SH-SY5Y stem cell line was utilized for the bioelectrical studies as it is a model system that is
particularly sensitive for responding to environmental stimuli (Brunetti et al., 2010). Moreover, SH-SY5Y
cells were used as axonal outgrowth and axon branching occurs gradually over a period of
approximately 7-10 days (Figure 2.3), allowing for the ability to monitor axon outgrowth during
electrical stimulation (Lopes et al., 2010).
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Figure 2.3: SH-SY5Y Stem Cell culture and SH-SY5Y Neural Cell Differentiation. The day 15 image shows
an immunostain of neural marker β3-tubulin to confirm the presence of nervous tissue. Scale bar is 100
μm (Images by Marie Tupaj, Data Unpublished, 2010).
2.3.3 Material Toxicity on SH-SY5Y Stem Cells
SH-SY5Y stem cells are attached and proliferating between day 2 (Figure 2.4A) and day 5 (Figure 2.4B) in
cell culture dishes containing either approximately 5 μL of silver paste, 50 μL of silver paste, 5 μL of
silicone glue, or 50 μL of silicone glue. By observation, on day 5, there are less SH-SY5Y cells in the
dishes containing the 5 μL of silver paste and the 50 μL of silver paste than in the control group (Figure
2.4A-C). From examining the live-dead stain results, SH-SY5Y cells in all groups express viability over 5
days in culture (Figure 2.4C). From these results, it can be suggested that the amount of silver paste and
silicone glue utilized may be an important to consider for avoiding cell toxicity. Many past studies have
reported the use of silicone glue, and silver in biomedical devices, such as dressings and creams,
scaffolds, and electrode tips (Chuangsuwanich et al., 2011; Kawada et al., 2002; Selimovic et al., 2011;
Xing et al., 2011).
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Figure 2.4: Toxicity Study Results. Images of SH-SY5Y stem cell attachment and proliferation on (a) day 2
& (b) day 5 in culture. Red scale bar is 150 μm. (c) Images of SH-SY5Y stem cell viability on day 5 in
culture. White scale bar is 150 μm.
2.3.4 Conductivity Measurements
SH-SY5Y media conductivity was 7.52 S/m, 11.7 S/m, 14.4 S/m and 91.7 S/m at 20 Hz, 100 Hz, 1 kHz, and
10 kHz, respectively (Figure 2.5). SH-SY5Y media conductivity measurements were proportional to
increasing frequency. Increases in conductivity according to increases in frequency are due to the
capacitive effect at the electrode-electrolyte interface.
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Conductivity is a measure of all the anion and cations in solution. Changes in media conductivity may
also indicate a change hydrogen cation concentration, thus a change in pH level. pH changes will be
discussed more in Chapter 6.

Figure 2.5: SH-SY5Y Media Conductivity Measurements (a) Current vs. Voltage (I-V) graph of neural
media (b) Media conductivity calculations at 20 Hz, 100 Hz, 1 kHz, and 10 kHz.
2.3.5 Electric Field Modeling of AC Chamber
Modeling allows us to efficiently and accurately calculate and view several electrical parameters,
including field strength and field direction, across the entire chamber. Below is a model of the applied
voltage and the electric field strength across the entire chamber (Figure 2.6A,B). The maximum electric
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field strength is 24 mV/mm between the electrodes when applying a 120 mV 20 Hz signal and a 120 mV,
1 kHz signal. The maximum electric field strength between the electrodes is 100 mV/mm when applying
a 500 mV 1 kHz signal. Electric field strength between the gold electrodes is constant at the same
chamber depth as noted by the arrow size. The applied parameters (field strength, frequency, time)
were chosen according to similar field strengths as reported in the literature (Haastert-Talini et al., 2011;
Hronik-Tupaj et al., 2011b; Koppes et al., 2011). As there have been few reported studies on neural
electric field stimulation in vitro, parameters used for neural stimulation in vivo, and parameters used
for electrical stimulation on other cells were considered for our studies. In vivo, hippocampal neurons
have exhibited electric fields ranging from 0.5 mV/mm to 20 mV/mm depending on physiological
condition (Ariza et al., 2010).

Figure 2.6 Electric Field Strength Models of AC Chamber (a) 120 mV 1 kHz (b) 500 mV 1 kHz. Color bar
shows field strength (mV/cm). Red arrow shows electric field direction.
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2.3.6 Gene Expression
Gene expression levels of nestin and β3-tubulin were quantified using RT-PCR on day 3, day 6 and day 9
following exposure to 120 mV 20 Hz, 120 mV 1 kHz, and 500 mV 1 kHz for 45 minutes each day (Figure
2.7). Nestin markers were upregulated (p < 0.05) on day 6 following exposure to 120 mV 1000 Hz (Figure
2.7B). β3-tubulin markers were upregulated (p < 0.05) on day 6 when exposed to 120 mV 1 kHz and 500
mV 1 kHz (Figure 2.7E, 2.7F). Gene expression levels of nestin and β3-tubulin were upregulated in most
stimulation groups on day 3, day 6, and day 9 during differentiation. Nestin is a mid neural
differentiation marker, an intermediate filament that identifies neuroepithelial cells (Reynolds et al.,
1992b).

Figure 2.7: Neural Differentiation During Electrical Stimulation. Nestin gene expression levels following
exposure to (a) 120 mV 20 Hz, (b) 120 mV 1 kHz, and (c) 500 mV 1 kHz on day 3, day 6, and day 9 during
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neural differentiation. Β3-tubulin gene expression levels following exposure to (d) 120 mV 20 Hz, (e) 120
mV 1 kHz, and (f) 500 mV 1 kHz on day 3, day 6, and day 9 during neural differentiation.
2.3.7 β3-Tubulin Protein Expression
While gene expression levels was examined in neural differentiating SH-SY5Y stem cells treated with
moderate electrical stimulation, protein expression was also examined to observe whether levels of
gene expression were translated to protein expression. Figure 2.8 shows images of SH-SY5Y stem cells
undergoing neural differentiation on day 3, day 6, and day 9. SH-SY5Y stem cells were immunostained
for β3 tubulin. On day 9, undifferentiated SH-SY5Y stem cells were immunostained and imaged as a
negative control (image not shown). From the images, it is observed that β3-tubulin expression
increases between days 3 and day 6 in all groups. Axon length is also longer at the later time points. In
addition, there are more cells expressing β3- tubulin on day 9 than on day 3.
Some neural in vitro studies have found increased axon outgrowth with electric field strengths ranging
from 10 mV/mm to 100 mV/mm (Koppes et al., 2011). Other studies have shown differences in the
applied electric field and regenerative potential at varying frequencies and duty cycles (Graves et al.,
2011). Some studies have examined the effects of electric fields on cell proliferation, and noted varying
effects (Ariza et al., 2010). In future experiments, assays examining cell proliferation following electric
field stimulation would be interesting.
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Figure 2.8: β3-Tubulin Expression on SH-SY5Y stem cells undergoing neural differentiation. Scale bar is
50 μm.
2.3.8 Quantification of Axon Outgrowth
From the fluorescent immunostain images, axon length was quantified on day 3, day 6, and day 9
(Figure 2.9A). Following 3 days of electrical stimulation, there were not any statistical differences (p <
0.05) in axon length between stimulated groups and the control group. On the 9th day of stimulation,
axon length was greater (p < 0.05) following exposure to 120 mV 1 kHz compared to the control group.
Possible mechanisms of electric fields stimulation on neural differentiation and axon outgrowth are
described in Chapter 6.
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Figure 2.9: Axon Length and Branching (a) Axon length over 9 days in SH-SY5Y stem cells undergoing
neural differentiation. Statistical differences are marked by a bracket (p < 0.05). (b) Axon branching over
9 days in SH-SY5Y stem cells undergoing neural differentiation. Statistical differences are marked by a
bracket (p < 0.05). (c) Image of SH-SY5Y neuron with branches. Dendrite, soma and branch points are
marked.
2.3.9 Quantification of Axon Branching
Axon branching occurs as a result of growth cone splitting. Over 9 days the average number of branches
per axon increased in all groups (Figure 2.9B). On day 9, the number of axon branches was greater (p <
0.05) in 500 mV, 1 kHz, than in 120 mV, 20 Hz. Over 9 days, there were not any statistically significant
differences between the control group and the stimulated groups in the number of axon branches. One
paper that reported the effects of electric fields on neurite branching (McCaig, 1990) stated that electric
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field polarization was an important factor in neural branching and that neural branching occurred
towards the cathode.
2.3.10 Cell Viability
For assessing cell viability, a live-dead stain was completed on day 9 following electrical stimulation
treatment (Figure 2.10). It was observed that SH-SY5Y neurons were viable in chambers and viable
under all parameters.

Figure 2.10: Cell Viability Following Exposure to 9 Days of Electrical Stimulation. (a) 120 mV 20 Hz (b)
120 mV 1 kHz (c) 500 mV 1 kHz (d) Unstimulated live control (e) Dead control. Live cells are stained in
green. Dead cells are stained in red. Scale bar is 50 μm.
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2.4 Conclusions
In conclusion, the silver and silicone toxicity studies did not reveal observable differences in SH-SY5Y
stem cell numbers 2 days following plating. 5 days following stem cell plating, there were fewer SH-SY5Y
stem cells observed in dishes containing the 50 μL silver. However, there were not any observable
changes in cell morphology over this time. From these images, it was demonstrated that the silver and
silicone materials were biocompatible in 5 uL and 50 uL quantities over a period of 5 days. As a result,
these materials were also incorporated into some of our additional devices, as described in later
Chapters.
Identifying optimal stimulation conditions is ciritical for ensuring cell viability and maximizing axon
outgrowth. For these studies, it was determined that SH-SY5Y differentiating neurons were viable in the
AC electric chambers and in the presence of electric field strengths of 24 mV/mm and 100 mV/mm for
45 minutes daily. It was shown that neural gene expression, specifically, mid marker nestin and late
marker β3-tubulin, are upregulated by electrical stimulation. β3-tubulin markers were increased on day
6 (p < 0.05) at 24 mV/mm 1 kHz and at 100 mV/mm 500 mV 1 kHz compared to unstimulated groups.
β3-tubulin protein expression was increased in all groups over all 9 days. Overall, axon length was
greatest under the conditions of 24 mV/mm 1 kHz. Finally, we concluded that bioelectric stimulation is
one option for enhancing neural differentiation and axon outgrowth. These studies provided
information on optimal field strengths for use in future studies.
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Chapter 3: BIOPHYSICAL STRATEGIES
3.1 Introduction
By 2012 an estimated 1.5 billion people will suffer from peripheral nerve injury in the U.S., Europe, and
Japan due to complications from diabetic neuropathy, HIV, and chemotherapy (Report, 2003). For
complete nerve regeneration, sprouting axons of the proximal stump need to align with and grow into
the endoneurial tubes of the distal stump. When clinical intervention is required, biomaterials may be
implanted at the site of injury for the purpose of axon regeneration and guidance.
It is well known that physical properties of a material, such as substrate topography, rigidity, charge, and
wettability are valuable tools for influencing tissue regeneration (Brunetti et al., 2010). For directing cell
alignment, strategies such as surface patterning and surface topographies have been investigated.
Surface patterning has been utilized to align several cell types including fibroblasts, corneal epithelial
cells, skeletal myoblasts, skeletal myocytes, stem cells, tenocytes, and neurons (Fujita et al., 2009; Gil et
al., 2010; Kapoor et al., 2010; Lawrence et al., 2009; Wang et al., 2010b). Surface topographies have also
been utilized for aligning extracellular matrix proteins, such as collagen (Kapoor et al., 2010). Surface
topography size has been reported to range from the nanometer to micrometer scale (Table 3.1).

For directing and aligning nerve cells, topographies, such as grooves, holes, aligned fibers, and
roughness have been tested (Hoffman-Kim et al., 2010). For example, in one study, lines (i.e., ridges,
grooves) 2 μm and 200 nm thick, and holes 2 μm and 200 nm thick demonstrated increased axon
formation and axon extension in hippocampal neurons compared to neurons on smooth surfaces
(Fozdar et al., 2010a, b). Results showed that neurons preferred 200 nm thick features over 2 μm
features for alignment (Fozdar et al., 2010a, b); In addition, neurons preferred circular features over
lines (Fozdar et al., 2010a, b). Surface features, such as lines, have been more helpful for axon
polarization than chemical cues, such as ligands (Gomez et al., 2007a).
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The addition of roughness to smooth surfaces is another option utilized for directing neuron growth.
One study reported that the amount of focal adhesion complexes of SH-SY5Y neurons varies following
exposure to varying nanometer roughness (Brunetti et al., 2010). Focal adhesion complexes are 5 – 200
nm in size and are responsible for neuron attachment to substrates.
Microchannels have also played a part in directing neuron growth. Specifically, spiral ganglion neurons
were plated on hexyl methacrylate (HMA) and 1,6-hexanediol dimethacrylate (HDDMA) channels having
grooves of 50 μm width and channel depths of 0.6 - 1.0 μm (Clarke et al., 2011). By day 2, spiral ganglion
grew within the grooves of the channel (Clarke et al., 2011). Interestingly, neurons from explants turned
in the direction of the groove (Clarke et al., 2011). The degree of turn was dependent on the angle of the
pattern from the explants (Clarke et al., 2011). Another avenue for increasing alignment, poly-L-lactic
acid (PLLA) electrospun fibers, nanometer and micrometer in diameter, have demonstrated the ability to
align sensory and motor neurons 24 hours after plating (Leach et al., 2011).

The field has begun to incorporate electrospun fibers and patterns into guidance channels (Li et al.,
2007b; Madduri et al., 2010c; Sun et al., 2010; Yucel et al., 2010a). In particular, fibers and patterns have
been able to align nerve cells in nerve guidance channels (Sun et al., 2010; Yucel et al., 2010a).
Specifically, it was found that patterns of small ridges (5 μm width) and larger grooves (20 μm width)
favored alignment (Sun et al., 2010). However, to date, few in vitro or in vivo studies have been
completed with surface modified nerve guidance channels.

In the following set of experiments, our goal was to incorporate a range of surface topographies into B.
mori silk fibroin, then study the effects on p19 neuron outgrowth and alignment. The surface
topographies examined included patterned silk fibroin films and electrospun silk fibroin fibers. Silk
fibroin films had pattern dimensions of 40 μm width grooves, 3.5 μm width grooves having 50 nm - 350
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nm depths, or 3.5 μm width grooves having 400 nm - 500 nm depths. Electrospun silk fibers were spun
as aligned low density fibers, aligned high density fibers, unaligned low density fibers, and unaligned
high density fibers.
Table 3.1: Surface Topographies Utilized for Neuron Alignment

Shape

Size

Surface or Biomaterial

References

Lines, holes

2 μm, 300 nm

Quartz

Roughness
Microchannels

35-100 nm
1-2 μm wide; 400-800 nm deep
50 μm wide; 0.6 – 1.0 μm deep

Electrospun Fibers

Micron, nanometer

Gold
Methacrylate
Polydimethylsiloxane
(PDMS)
Poly(epsilon-caprolactone);
Poly lactide

(Fozdar et al., 2010b)
(Fozdar et al., 2010a)
(Brunetti et al., 2010)
(Clarke et al., 2011;
Gomez et al., 2007b)

Channels (with
fibers, patterns,
pores incorporated)

1.5 mm diameter

Poly (e-caprolactone)
Polyester

(Hong et al., 2010;
Leach et al., 2011)
(Hong et al., 2010;
Sun et al., 2010;
Yucel et al., 2010a)

3.2 Materials and Methods
3.2.1 Silk Fibroin Purification
Silk fibroin solution was purified from Japanese Bombyx mori cocoons as described previously (Kang et
al., 2009; Kim et al., 2005). Briefly, cocoons were cut, boiled for 30 minutes in Na2CO3 for sericin
removal, washed in deionized water, and dried overnight. The following day, silk fibroin fibers were
dissolved in lithium bromide at 60°C for 4-6 hours. Dissolved silk fibroin was injected into 3,500 MW
dialysis cassettes (Thermo Fisher Scientific Waltham, MA). Dialysis was performed in deionized water
for two days. Following dialysis, silk solution was removed from cassettes and centrifuged twice at 9,000
rpm at 4°C for 20 minutes. Following centrifugation, 1 mL of fibroin solution was dried in a 60°C oven.
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The dried solution was weighed for measuring silk fibroin concentration. This process resulted in a final
concentration of purified silk fibroin solution 6-8% weight by volume (w/v).
3.2.2 Electrospun Silk Fibers
Six – eight percent silk fibroin solution was mixed in an 80/20 (v/v) ratio with a 5% polyethylene oxide
(PEO) solution, then poured into a 20 mL syringe. The 20 mL syringe was placed in a Sage Syringe Pump
(Thermo Fisher Scientific Waltham, MA) that flowed the silk solution at 5-10 μL/min through a 16 gauge
stainless steel capillary tube. To spin silk fibers, the 80/20 silk/PEO solution was subjected to a 9 + 2 kV
voltage. Silk fibers were electrospun at room temperature, 20-22°C, at approximately 20% humidity. To
minimize fiber beading, the silk/PEO solution was stored at 4°C until directly before spinning.
For creating low density aligned fibers and high density aligned fibers, silk fibers were spun on to a
rotating wheel for 1 minute or 5 minutes, respectively. Unaligned low density fibers and unaligned high
density fibers were created by depositing electrospun silk fibers directly onto glass coverslips that were
connected to the ground plate (Figure 3.1). Unaligned low density fibers were spun for 1 minute, while
unaligned high density fibers were spun for 1 hour. Following electrospinning, fibers were methanol
treated then dried overnight to induce beta-sheet formation.
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Figure 3.1: Fabrication of electrospun silk fibers (left) Setup for electrospinning aligned low density and
aligned high density fibers (right) Setup for electrospinning unaligned low density and unaligned high
density fibers. (Images by Marie Tupaj, Unpublished, 2010)
3.2.3 Fabrication of Patterned Silk Films
Surface patterns were created through laser etching 40 μm width patterns, ‘Pattern H’ and ‘Pattern I’
into a glass. ‘Pattern H’ had a 3.5 μm width and 342 nm + 18.0 nm depth. ‘Pattern I’ had a 3.5 μm width
and 500 nm depth. Dimensions were chosen based on what has been tried previously in our lab for
successful alignment on human corneal fibroblasts (Gil et al., 2010).
For mold fabrication of the grooved glass surfaces, a polydimethylsiloxane (PDMS) mixture was
prepared by mixing a base and a curing agent (Ellsworth Adhesives, Germantown, WI) in a 9:1 ratio
(w/w) and poured over the grooved glass slides. The PDMS mold was dried at 60°C for 2-3 hours before
being peeled from the grooved glass slide. For patterned silk film fabrication, a 6 - 8% silk solution was
poured over the grooved PDMS mold and allowed to dry slowly for 1 - 2 days. Once dried, silk film
patterns were peeled off the mold then treated with methanol to induce β-sheet formation (Figure 3.2).

Figure 3.2: Patterned Silk Film Processing Methods (Image by Marie Tupaj, Unpublished, 2010)
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3.2.4 p19 Stem Cell Culture
p19 stem cells (ATCC, Manassas, VA), originating from a mouse embryonic carcinoma cell line, were
expanded in culture at a density of 5,000 cells/cm2 using minimum essential media (Invitrogen Corp.,
Grand Island, NY) consisting of 7.5% calf serum (Thermo Fisher Scientific, Waltham, MA), 2.5% fetal
bovine serum (Invitrogen Corp.), and 0.1% penicillin-streptomycin (Invitrogen Corp.).

Cells were

incubated at 37°C in 5% CO2. Media was changed two times per week. p19 stem cells were passaged at
60-70% confluency and all experiments used stem cell passage numbers between P1-P3.
3.2.5 p19 Neuron Differentiation
p19 stem cells were plated at 5,000 cells/cm2 into non-adherent dishes (Sigma-Aldrich, St. Louis, MO)
using expansion medium containing 0.5 μM retinoic acid (Sigma-Aldrich, St. Louis, MO). On day three,
floating p19 aggregates undergoing differentiation were collected and separated into a single cell
suspension using 0.25% trypsin-EDTA and a polished glass Pasteur Pipette tip. Cells were replated into
non-adherent dishes containing expansion media and 0.5 μM retinoic acid. On day 5, differentiated
aggregates were collected, separated into single cells and stained with a 1,1'-dioctadecyl-3,3,3',3'tetramethylindocarbocyanine perchlorate (DiI) (Invitrogen, Grand Island, NY) stain.
Briefly, DiI was diluted in culture media containing the differentiated neurons to a final concentration of
10 μM then incubated at 37°C for 30 minutes. Following incubation, diI stained p19 neurons were
centrifuged at 1000 rpm for 5 minutes. The DiI containing cell culture media was aspirated and fresh
neuron culture media was replaced. DiI works by diffusing through the cell membrane lipid bilayer and
is non-toxic to cells over a period of 4 weeks in culture (Kuffler, 1990). DiI staining prior to cell seeding
allows for the detection of cellular fluorescence without background fluorescence from the silk films or
silk fibers.
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Figure 3.3: p19 Stem Cell Culture and p19 Neural Differentiation (top) 12 day overview of p19 stem cell
culture, p19 neuron differentiation, p19 neurite outgrowth, and p19 network formation. Scale bar is
150 μm (p19 cell culture, p19 differentiation, and neurite outgrowth images by Marie Tupaj,
unpublished data, 2008). (bottom) The 96 hour p19 neural differentiation process may be tracked by
the percentage of vimentin, nestin, and tuj-1 expression in the cells. Vimentin is an early stage neural
differentiation marker expressed in neuroepithelial cells. Nestin is a mid stage differentiation marker
present in neural precursors. Tuj-1, otherwise known as β3-tubulin, is a late stage neuron differentiation
marker. Tuj-1 is expressed in microtubules and is a common marker for identifying nervous tissue.
Differentiation timeline by (Mani et al., 2001).
3.2.6 Surface Preparation and Neuron Seeding onto Patterned Silk Films and Electrospun Silk Fibers
To ensure sterilization, patterned silk films and electrospun silk fibers were soaked in 70% ethanol for 1
hour, washed 4 times with phosphate buffered saline (PBS), and then exposed overnight to ultraviolet
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(UV) light in a laminar flow hood. To promote neuron attachment, sterilized silk films and sterilized
electrospun silk fibers were placed in 6-well plates, then soaked for 1 hour in a 1 mM laminin (SigmaAldrich, St. Louis, MO) concentrated solution. After 1 hour, the laminin solution was aspirated and
neuron culture media was added to the chamber. Laminin has been reported to increase neuron
attachment to surfaces (Darmon, 1982; Smallheiser et al., 1984).
Following surface preparation, the DiI stained p19 neurons were plated at a density of 250,000
neurons/cm2 on all silk films and electrospun silk fibers groups. p19 neurons were seeded on silk films
that included 40 μm width patterned silk films, ‘Pattern H’ silk films, and ‘Pattern I’ silk films (n = 3). p19
neurons were seeded on electrospun silk fibers that included aligned low density fibers, aligned high
density fibers, unaligned low density fibers, and unaligned high density fibers (n = 3). To remove any
non-differentiated cells, 5 μg/ml cytosine arabinoside was added to the media the following day (Mani
et al., 2000; Shen et al., 2004) (Figure 3.3).
3.2.7 Confocal Imaging
On day 3 following seeding, confocal images of diI stained p19 neurons seeded on 40 μm grooved films,
‘Pattern H’ silk films, ‘Pattern I’ silk films, aligned low density electrospun silk fibers, aligned high density
electrospun silk fibers, unaligned low density electrospun silk fibers, and unaligned high density
electrospun silk fibers were acquired using a two-photon ready Leica DM IRE2 confocal microscope
(Leica, Wetzlar, Germany). Images were taken at 540 nm excitation and 565 nm emission using a 20x
objective, numerical aperture 0.7. Images were taken of 3 samples per group, 3 images per sample.
For the neurons plated on the electrospun fiber groups, transmission images were acquired using a twophoton ready Leica DM IRE2 confocal microscope (Leica, Wetzlar, Germany) in the same field of view as
the nerve cells. Confocal images and transmission images were overlayed to produce one image of the
neurons and fibers.
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3.2.8 Optical Microscopy
On day 3 following seeding, phase contrast images were taken of neurons seeded on 40 μm grooved silk
films, ‘Pattern H’ silk films, and ‘Pattern I’ silk films silk films using an Axiovert S100 inverted microscope
(Zeiss, Germany).
3.2.9 Axon Outgrowth Data Analysis and Statistics
Measurements of axon outgrowth, not including the soma, were completed through programs
previously written in MATLAB (MathWorks, Natick, MA). Axon length was reported as the mean + 1
standard error about the mean. At least 5 cells per image were quantified. Statistical significance was
reported using unpaired two-tailed t-tests. For reporting a large number of comparisons between time
points, the Bonferroni Correction factor was applied to correct for multiple comparisons of artifacts. For
determining statistical significance using the Bonferroni Correction factor, alpha was set as α = 0.05/ 21
= 0.002.
3.2.10 Axon Alignment Data Analysis and Statistics
Axon alignment was calculated as the angle, in degrees, between the groove or fiber and the axon. An
angle of 0 degrees meant that the axon was parallel with the grooved film or fiber. An angle of 90
degrees meant that the axon was perpendicular to the grooved film or fiber. Angle of axon alignment
was reported as the mean + 1 standard error about the mean. Statistical significance was reported using
unpaired two-tailed t-tests. For reporting a large number of comparisons between time points, the
Bonferroni Correction factor was applied to correct for multiple comparisons of artifacts. For
determining statistical significance using the Bonferroni Correction factor, alpha was set as α = 0.05/ 21
= 0.002. To provide information on alignment over the neuron population, the angle of axon alignment
from the grooved surface was graphed every 10 degrees as the percent of total neurons on silk film.
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3.3 Results and Discussion
3.3.1 Fabrication of Electrospun Silk Fibers and Patterned Silk Films
Phase contrast microscopy images were taken of electrospun silk fibers (Figure 3.4) and silk films (Figure
3.5). Unaligned and aligned electrospun silk fibers are approximately 1 - 2 μm in diameter. Fiber density
in the unaligned low density group is 7 fibers / (50 μm). Fiber density in the unaligned high density group
is 16 fibers / (50 μm). Fiber density in the aligned low density group is 6 fibers / (50 μm). Fiber density in
the aligned high density group is 24 fibers / (50 μm).

Figure 3.4: Electrospun silk fibers: (left – right) unaligned low density fibers, unaligned high density
fibers, aligned low density fibers, and aligned high density fibers. Scale bar is 50 μm.

Figure 3.5: Patterned Silk Films: (left – right) 40 μm width grooves, 3584 nm width grooves having 342
nm depth, and 3.5 μm width grooves having 400-500 nm depth. Scale bar is 100 μm.
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3.3.2 Images of p19 Neurons on Electrospun Silk Fibers
Confocal images were taken of diI stained p19 neurons on electrospun silk fibers (Figure 3.6). From the
images, it was observed that neurons on aligned fibers had significantly longer axons than those on
unaligned fibers. Furthermore, neurons seeded on low density aligned fibers appeared to have more
elongated morphology than neurons on low density unaligned fibers. In the unaligned fiber group, some
p19 neurons appear as if they may be attempting to follow along the fibers’ curved ridges. Finally, there
was little axon outgrowth observed on the high density unaligned fibers.

Figure 3.6: DiI stained p19 neurons on electrospun silk fibers 3 days after seeding: (top left) Aligned low
density electrospun fibers, (top right) Aligned high density electrospun fibers, (bottom left) unaligned
low density electrospun fibers, (bottom right) unaligned high density electrospun fibers. The left panel in
each group is a confocal image of DiI stained p19 neurons only. The right panel in each group is an
overlay image of DiI stained p19 neurons and a transmission image of the electrospun fibers. Scale bar is
100 μm.
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3.3.3 Images of p19 Neurons on Silk Films
Confocal and phase contrast microscopy images were taken of the diI stained p19 neurons on silk films
(Figure 3.7). Neuron cell bodies are approximately 10 μm in diameter and are observed to rest on top of
the grooves, not between the grooves. p19 axon alignment on patterned films is in the direction of the
grooves.

Figure 3.7: p19 neurons on 6-8% silk fibroin films 3 days after seeding. (top left) Neurons seeded on
‘pattern H’ silk films. (top right) Neurons seeded on ‘Pattern I’ silk films. (bottom left) Neurons seeded
on 40 μm width grooved films (left panel) Confocal images of DiI stained neurons on silk films. (right
panel) Optical microscopy images of neurons on silk films. Red scale bar is 100 μm and corresponds to
all confocal images. White scale bar is 100 μm for all optical microscopy images. Red arrow shows the
direction of the groove.

64

3.3.4 Axon Outgrowth on Patterned Silk Films and Electrospun Silk Fibers
On day 3 following seeding, average axon length were greater on electrospun silk microfibers compared
to patterned silk films (Figure 3.8). Aligned low density electrospun silk fibers supported the greatest
amount of axon outgrowth with average axon length of 45 μm. ‘Pattern I’ silk films supported the largest
amount of neurite outgrowth of all silk film groups with an average axon length of 33 μm. There were
not any statistical differences (p <0.002) between neurons seeded on aligned low density fibers and the
neurons on the ‘Pattern I’ films. There were statistical differences (p <0.002) in axon length between the
neurons seeded on aligned low density fibers and the neurons on the ’40 um width’ and ‘Pattern H’
films. It has been reported that the high surface area to volume ratio and topography of electrospun
fibers mimics the extracellular matrix, which may promote axon outgrowth (He et al., 2010).
Within the silk film groups, the width of the groove had less of an effect on axon outgrowth
The spacing between the elecgtrospun fibers, defined as fiber density, also had an effect on axon
outgrowth. Specifically, unaligned low density fibers, which had a fiber density of 7 fibers per 50 μm,
supported more outgrowth (p < 0.002) than the unaligned high density fibers, which had a fiber density
of 24 fibers per 50 μm (Figure 3.8). Aligned low density fibers also supported more outgrowth (p <
0.002) than aligned high density fibers (Figure 3.8).
Finally, the orientation of electrospun fibers had an effect on axon outgrowth. Aligned low density
electrospun fibers supported significantly more outgrowth than unaligned high density fibers (p < 0.002)
(Figure 3.8). Currently our aligned fibers are spun in one direction on a rotating wheel allowing for fiber
crossing. Fiber crossing may impede axon growth. Creating highly aligned fibers may increase axon
outgrowth even further (Lee et al., 2010a; Wang et al., 2009).
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Figure 3.8: Average axon length on electrospun silk fibers and patterned silk films. The red bracket is
statistical differences (p < 0.002) between fiber groups. The blue bracket is statistical differences
between film groups (p < 0.002). The black brackets are statistical differences (p < 0.002) between both
groups.
3.3.5 Axon Alignment on Patterned Silk Films and Electrospun Silk Fibers
Patterned silk fibroin films with grooves 3.5 μm wide and approximately 500 nm depth allowed for
57.7% axon alignment 0 - 10 degrees from the direction of the groove and 76.9% axon alignment 0 – 20
degrees from the direction of the groove (Figure 3.9B). p19 neuron axons plated on aligned low density
electrospun fibers exhibited 53% alignment 0 – 10 degrees from the fiber and 90% alignment 0 - 20
degrees from the direction of the fiber (Figure 3.9B).
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P19 neurons on low density electrospun fibers and 3.5 um width films were easy to quantify. It was
more difficult to characterize alignment when axons were not grown since the neuron morphology
exhibited more overall circularity.
P19 neurons aligned in parallel with the electrospun fiber or grooved silk film. However, width may
have an effect on axon direction compared to the groove direction (Xie et al., 2009). It was reported that
neurons aligned in parallel with grooves 2 um - 40 um and perpendicular to grooves that were 40um –
80 um (Xie et al., 2009).
While neurons exhibited alignment on electrospun fibers and patterned films, functionality may be of a
concern. Neuron synapses and cell-cell communication, specifically action potentials, may be evaluated
further through functional imaging or immunohistochemistry techniques.
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Figure 3.9: Axon alignment on electrospun silk fibers and patterned silk films 3 days after seeding. (a)
Average axon alignment on day 3 following seeding. The red bracket is statistical differences (p < 0.002)
between fiber groups. The blue bracket (p < 0.002) is statistical differences between film groups. The
black brackets are statistical differences (p < 0.002) between both groups. (b) Axon alignment of p19
neurons seeded on electrospun fibers and patterned films is binned within every 10° from the groove on
day 3 following seeding.
3.4 Conclusions & Future Directions
In conclusion, patterned silk films and electrospun silk fibers were useful tools for promoting axon
outgrowth and axon alignment along the direction of the groove or fiber. On day 3 following seeding,
average axon length were greater on electrospun silk fibers compared to patterned silk films.
Specifically, aligned low density electrospun silk fibers supported the greatest amount of axon
outgrowth with an average axon length of 45 μm. There were not any statistical differences (p < 0.05)
between aligned low density fibers and ‘Pattern I’ silk films.
In regards to alignment, there were also not any statistical differences (p < 0.05) between aligned low
density fibers and ‘Pattern I’ silk films. Patterned silk fibroin films with grooves 3.5 μm wide and
approximately 500 nm depth allowed for 57.7% axon alignment 0 - 10 degrees from the direction of the
groove and 76.9% axon alignment 0 – 20 degrees from the direction of the groove. p19 neuron axons
plated on aligned low density electrospun fibers exhibited 53% alignment 0 – 10 degrees from the fiber
and 90% alignment 0 - 20 degrees from the direction of the fiber.
Future directions include assessing outgrowth and alignment from altering fiber diameter. The addition
of drugs and protein coatings may enhance axon outgrowth along fibers and silk films. The design of
multi-layer films and fibers or the combination of films and fibers may be the next step for enhancing
alignment or functionality.
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Chapter 4: TOOLBOX INCORPORATION IN 2D: DESIGN, CHARACTERIZATION, AND NEURON RESPONSE
ON PATTERNED SILK ELECTRONIC FILMS
4.1 Introduction
Peripheral nerve regeneration is a critical issue as 2.8% of trauma patients present with this type of
injury (Uebersax et al., 2007). By 2012, an estimated 1.5 billion people will suffer from peripheral nerve
injury in the U.S., Europe, and Japan due to complications from diabetic neuropathy, HIV, and
chemotherapy (Report, 2003). During a time of war, 14-18% of injuries affect the peripheral nervous
system altering both sensation and muscle function (Potucek et al., 2009). Clinical options for such
injuries have changed only slightly in the last 30 years, with standard methods of treatment including
suturing damaged nerve ends, grafting sensory nerves, and nerve transfers, with autografts as the gold
standard (Belkas et al., 2004). Despite current treatments, only 10% of the patients regain complete
functional recovery (Witzel et al., 2005).
Recent strategies investigated for repairing nerves include: (1) the addition of nerve growth factors, (2)
stem cell and glial cell transplantation, (3) gene therapy, (4) functional electrical stimulation, and (5)
natural and synthetic guidance channels (Lari et al., 2001; Murakami et al., 2003; Pan et al., 2007; Pan et
al., 2006; Pollock, 1995). In addition, surface topographies, ranging from the nanometer to micrometer
scale, such as grooves, aligned fibers, roughness, and pores, have been identified to help direct and align
nerve cells (Brunetti et al., 2010; Clarke et al., 2011; Fozdar et al., 2010a, b; Gomez et al., 2007b;
Hoffman-Kim et al., 2010; Hong et al., 2010; Leach et al., 2011). It is also known that electric fields have
an impact on cell adhesion, proliferation, and differentiation (Akanji et al., 2008; Blumenthal et al., 1997;
Brighton et al., 2006; Diniz et al., 2002; Fassina et al., 2006; Hronik-Tupaj et al., 2011b; Ijiri et al., 1996;
Sun et al., 2009b; Sun et al., 2007; Sun et al., 2006) and have been utilized to increase axon outgrowth,
accelerate axon repair, and increase muscle reinnveration (Gordon et al., 2010; Gordon et al., 2009a;
Gordon et al., 2009b). Furthermore, a combination of strategies, such as multiple growth factors,
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electrical stimulation with gene transfer, and implanted stem cells as an adjuvant therapy with growth
factors, have been utilized for the improved recovery of injured nerves (Alrashdam et al., 2011; Kemp et
al., 2008; Madduri et al., 2010b).
Silk from the Bombyx mori silkworm is composed of a heavy chain fibroin approximately 391 kDa, and a
light chain fibroin 27 kDa, held together by a disulfide bond, with glue-like proteins termed sericins that
bind fibers formed from the fibroins (Sofia et al., 2001; Zhou et al., 2000). Silk can be processed into
many material formats such as porous scaffolds, films, gels, fibers and hollow tubes (Altman et al., 2003;
Panilaitis et al., 2003; Sundar et al., 2010). For use in biomedical applications, silk has demonstrated
biocompatibility with peripheral nervous tissue repair (Benfenati et al., 2010; Ghaznavi et al., 2011; Lin
et al., 2011; Pritchard et al., 2010; Szybala et al., 2009; Wilz et al., 208; Yang et al., 2007a) and is fully
degradable to amino acids, thus avoiding complications such as nerve compression and chronic
inflammation. Silk can be formed into materials with good mechanical strength and flexibility for
regenerative medicine needs, including conformal bio-integrated electronics to fit curvilinear tissues in
the central nervous system (Kim et al., 2010b).
In the present study, our objective was to combine electrodes and surface topographies on flexible silk
substrates to assess the combined effects of patterning and electrical stimulation on axon alignment and
axon outgrowth. Here we demonstrate methods for depositing electronic components onto silk films
with morphologically patterned surfaces. Morphologically patterned films with electronic interfaces
were compared to controls, including flat electronic silk films, patterned silk films and flat silk films, to
assess impact on neural cell outgrowth and alignment.
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4.2 Materials & Methods
4.2.1 Fabrication of Flat & Patterned Silk Electronic Films (E-Films)
Silk Fibroin Purification - Silk fibroin solution was extracted from Japanese B. mori cocoons as described
previously (Kang et al., 2009; Kim et al., 2005). Briefly, cocoons from the silkworm were cut, boiled for
30 minutes in Na2CO3 for sericin removal, washed, and dried overnight. The following day, silk fibers
were dissolved in 9.3M lithium bromide at 60°C for 4-6 hours. Dissolved silk solution was injected into
3,500 molecular weight dialysis cassettes (Thermo Fisher Scientific, Waltham, MA). Dialysis in deionized
water was performed over 36 hours resulting in a final solution of 6 - 8% silk fibroin.
Patterned Silk Films - A polydimethylsiloxane (PDMS) mold was prepared by mixing a base and a curing
agent (Ellsworth Adhesives, Germantown, WI) in a 9:1 ratio (w/w) then pouring this mixture over
grooved glass slides. PDMS was dried at 60°C for 2-3 hours before being peeled from the grooved glass
slide. Dimensions of 3.5 µm width grooves with 500 nm depth were chosen based on our previous
studies for successful alignment of fibroblasts (Gil et al., 2010). For patterned silk film fabrication, 6 - 8%
silk fibroin solution was poured onto the grooved PDMS mold and allowed to dry slowly for 1-2 days.
Once dried, patterned silk films were peeled off the PDMS mold.
Flat Silk Films - Flat silk films were made by pouring 6-8% silk fibroin solution onto a smooth PDMS
surface then allowed to dry 1-2 days. Once dried, the silk films were peeled off the surface.
Electrode Deposition on Silk Films - An electrode mask (Boston Lasers, Haverhill, MA) was generated by
laser etching a pattern into a 2.7 cm x 4.3 cm x 0.2 cm black delrin slide. The mask was secured on top
of a silk film. Electrodes were deposited via sputter coating on top of the mask and silk film using a
Cressington 208HR Sputter Coater (Watford, England). Following electrode deposition, the electronic-
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silk films were treated with methanol and dried overnight to induce β-sheet formation. Electrode
materials deposited on the silk films included gold, titanium, and platinum/palladium.
4.2.2 E-Film Characterization
Silk E-Film Thickness – The thickness of the flat and patterned silk e-films was examined using confocal
reflectance microscopy (Larson et al., 2011). Briefly, the reflectance signal off of the top surface of the
silk film and the reflectance signal off of the bottom surface of the silk film were recorded using a depth
scan. Film thickness was calculated as the distance between the reflectance of the top a bottom film
surfaces. Excitation was at 488 nm, emission was at 488 + 2 nm.
Electrode Conductivity & One-to-One Electrode Correlation - To verify that the electrodes deposited on
the silk films were conductive down the length of the electrode and that there was not any crosstalk
with neighboring electrodes, a 1V test signal was applied at one end of each electrode. For each test
signal applied, voltage measurements were taken across 5 areas per electrode and 5 electrodes per film.
Effects of Electrode Thickness - Electrodes were deposited at thicknesses of 24.9 nm, 74.8 nm, and 99.6
nm as measured by the Cressington Thickness Controller (Watford, England).

Conductivity

measurements were taken across electrodes of 24.9 nm, 74.8 nm, and 99.6 nm thickness. The voltage
drop across the electrodes were measured then graphed as a percent of the original potential. Sample
size was n = 20. Measurements were taken at 1V, 1 V 20 Hz, and 1 V 1 kHz.
Conductivity in a Hydrated Environment – For the purpose of assessing electrode adhesion to the silk
film surface, conductive electronic films having a thickness of at least 74.8 nm were placed in phosphate
buffered saline (PBS) at room temperature. At 1 day, 2 days, 7 days, and 14 days the films were removed
from the PBS and allowed to dry overnight. The next day conductivity measurements were taken.
Following measurements, the films were placed back into PBS until the next time point. Measurements
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were taken at 1V, 1 V 20 Hz, and 1 V 1 kHz at all time points. Conductivity measurements on the
electrodes were also taken prior to hydration for the purpose of a baseline measurement. Sample size
was n = 20.
4.2.3 Design of a Patterned Silk E-Film Material Interface & Chamber
For the purpose of holding the silk films down in a hydrated environment, silk films were secured
between a square PDMS well and a 24 mm x 30 mm x 0.15 mm cover glass slide through plasma
sterilization. For the purpose of interfacing electronic silk films with an external stimulator, a 99.95%
gold wire (Surepure Chemetals, Florham Park, NJ), 0.01 cm in diameter, was cut 8 cm long and attached
to the electronic silk film using a conductive silver paste (Ted Pella, Redding, CA). The silver paste was
allowed to dry overnight. The following day the electronic silk film with the external gold wire interface
was placed into a 60 mm cell culture dish. The external gold wire and silver adhesive interface was
embedded in silicon aquarium glue (PETCO, San Diego, CA). The entire silk film interface was allowed to
dry at room temperature for at least two days.
As an alternative interface, based on the application of silk proteins as adhesives, e-gel (Yucel et al.,
2010b) was used in place of silver paste for electrode attachment to e-films. The e-gel was formed by
exposing a 20-30% concentrated silk solution to a 5 V electric field for 10 - 15 minutes. Following
gelation, the e-gel was collected in a syringe and applied as glue to attach the gold wire to the electrode
films. The e-gel material interface was allowed to dry overnight. Conductivity measurements were taken
across the e-gel and silver paste material interface, with and without the chambers. Sample size was n =
20.
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4.2.4 Silk Film Surface Preparation
E-film chambers were soaked in 70% ethanol for 1 hour, washed 4 times with PBS, then exposed to
ultraviolet light overnight in a laminar flow hood. Following sterilization, the silk films were soaked for 1
hour in 1 mM laminin (Sigma-Aldrich, St. Louis, MO). After 1 hour, the laminin solution was aspirated
and neuron culture media was added to the chamber. Laminin has been reported to increase neuron
attachment to surfaces (Darmon, 1982; Smallheiser et al., 1984).
4.2.5 p19 Stem Cell Culture
p19 stem cells (ATCC, Manassas, VA), originating for a mouse embryonic carcinoma cell line, were
expanded in culture at a density of 5,000 cells/cm2 using minimum essential media (Invitrogen Corp.,
Grand Island, NY) consisting of 7.5% calf serum (Thermo Fisher Scientific, Waltham, MA), 2.5% fetal
bovine serum (Invitrogen Corp.), and 0.1% penicillin-streptomycin (Invitrogen Corp.). Stem cells were
incubated at 37°C in 5% CO2. Media was changed two times per week. All experiments used stem cell
passage numbers between P1-P3.
4.2.6 p19 Neuron Differentiation
p19 stem cells were plated at 5,000 cells/cm2 into non-adherent dishes (Sigma-Aldrich, St. Louis, MO)
using expansion medium containing 0.5 μM retinoic acid (Sigma-Aldrich, St. Louis, MO). On day three,
floating p19 aggregates undergoing differentiation were collected and separated into a single cell
suspension using 0.25% trypsin-EDTA and a polished glass Pasteur Pipette tip. Single cells were replated
into non-adherent dishes containing expansion media and 0.5 μM retinoic acid. On day 5, differentiated
aggregates were collected, separated into single cells, and plated onto silk films at a density of 100,000
neurons/cm2. To remove any non neural differentiated cells, 5 μg/ml cytosine arabinoside was added
the following day (Mani et al., 2000; Shen et al., 2004). Media was changed two times per week.
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Retinoic acid differentiates p19 stem cells into neurons by initiating transcription of target neuronal
genes including sonic hedgehog, paired box 6 (pax-6), achaete-scute complex homolog 1 (mash-1), and
wingless-type mouse mammary tumor virus integration site family, member 1 (wnt-1)(Ulrich et al.,
2006).
4.2.7 Cell Viability on Electronic Patterned Silk Film
For assessing cell viability on e-films, alamarBlue® (Invitrogen Corp, Grand Island, NY) was used to
examine cell proliferation following plating.

The alamarBlue® assay was completed as described

previously (Hronik-Tupaj et al., 2011b). Briefly, a 9:1 (v/v) dilution of alamarBlue® to neuronal culture
medium was added to the samples and allowed to incubate for 2.5 hours. Following incubation, 100 uL
of the media in each sample was pipetted into a 96 well plate. Fluorescence measurements, reported in
arbitrary units (A.U.), were taken of the media at 560 nm excitation, 590 nm emission. To obtain cell
numbers, a standard curve, that measured fluorescence from the reduction of alamarBlue® in wells
containing a known number of cells, was used. Sample size per group per time point was n = 3. Three
replicates per sample were measured. Results were graphed as the mean + one standard deviation. As a
control, results were compared to neurons seeded on silk films without electrodes.
4.2.8 Electric Field Modeling
Electric field strength modeling across silk e-films was completed using the electrostatics module for
stationary objects in COMSOL Multiphysics® (Burlington, MA), version 4.2, software. COMSOL
Multiphysics® approximates partial differential equations by finite element analysis methods. Electric
field strength was calculated through equations:
∇ ∙ ࡰ = ߩ; ࡰ = ߝ ε୰ ۳; ࡱ = − ∇ ࢂ; where D = electric field flux (V m); ρ = relative permittivity; ɛ0 =
electric constant = 8.85418782×10−12 F·m−1; ɛr = dielectric constant; E = electric field strength (V/m), V =
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applied max voltage (A Ω). Briefly, the electronic silk films, interface, and chambers were constructed
using the geometry feature. E-Film and chamber material properties were either selected from the
COMSOL Multiphysics® material library or created for the study using existing material properties in the
literature.

Materials utilized included, gold, silk, PDMS, glass, p19 neuron culture media, and

polystyrene. The material properties were defined as follows: gold (σ = 4.5 *107 S/m; ρ = 9.0), silk (σ =
16 S/m; ρ = 3.0), glass (σ = 1*10-14 S/m; ρ = 4.2), PDMS (σ = 2.59 *10-14 S/m; ρ = 2.7), and p19 neuron
culture media (σ = 0.431 S/m; ρ = 78), where σ = materials’ conductivity and ρ is the materials’ relative
permittivity (Eisuke Ishikawaa et al., 1997; Hyung-Kew L et al., 2005; Sun et al., 2009a). p19 neuron
culture media conductivity was determined from measured values. The waveform applied to the model
was a 0.120 V, 1 kHz, sine wave. The geometry was meshed as a coarse free tetrahedral then solved for
voltage (V), and electric field strength (V/m), and current density (A/m2).
4.2.9 Electric Field Setup
The 99.95% pure gold wire from the chambers were connected to 22 gauge solid wire and placed in
parallel with two additional chambers. The chambers sat in one of six wells per tray, which were made
from noryl. Noryl has a high melting point, approximately 154°C, for sterilization purposes. Prior to
stimulation, current-voltage measurements were taken across patterned electronic silk films in neuronal
culture media. Resistivity was calculated as approximately 1.55 MΩ. Conductivity of neuron culture
media across patterned electronic films was calculated as 4.30 mS/cm. The signal applied to each silk
film was 120 mV, 1 kHz using a TENMA universal waveform generator (TENMA Test Equipment,
Springboro, OH). Voltage applied across each silk film was verified prior to stimulation. Electric field
application was performed in the incubator for 45 minutes daily and the experiments ran over 7 days.
Experimental groups consisted of patterned electronic silk films, flat electronic silk films, patterned silk
films without stimulation, and flat silk films without stimulation.
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4.2.10 Fluorescence Microscopy
An 8 mM calcein acetoxymethyl ester (calcein AM) stock solution (Invitrogen Corp., Grand Island, NY)
was mixed with phosphate buffered saline to obtain a 2 μM calcein AM solution. Following solution
preparation, cell culture media was aspirated from the patterned electronic silk films, flat electronic silk
films, patterned silk films, and flat silk film groups then the 2 μM calcein AM solution was added directly
to the cells. Cells were incubated at 37°C for 30 - 45 minutes. Following incubation, the calcein solution
was removed from the samples and fresh PBS was added directly to the cells. Cells were imaged with a
Leica DMIL fluorescence microscope (Leica, Wetzlar, Germany) with 470 nm + 20 nm and 525 + 25 nm
filters.
Fluorescent images were taken of neurons seeded on patterned electronic silk films, flat electronic silk
films, patterned silk films and flat silk films on day 1, day 3, day 5, and day 7. Day 1 was the day
following neuron seeding. Images were taken in two samples per group, three images per dish for a total
of 6 images. Axon alignment and axon outgrowth were quantified using programs written in MATLAB
(MathWorks, Natick, MA). Axon alignment was calculated as the angle, from 0 - 90 degrees, between
the grooved silk surface and axon. An angle of 0 degrees meant that the axon was parallel with the silk
film pattern. An angle of 90 degrees meant that the axon was perpendicular to the pattern. Axon
alignment was reported as the average angle from the grove on day 1, day 3, day 5 and day 7. Axon
alignment was also reported as the percent of total neuron axons lying at every 10 degrees (i.e., 0-10°,
10-20°, 20-30°, 30-40°, 40-50°, 50-60°, 60-70°, 70-80°, 80-90°) from the grove (Gil et al., 2010). The
relationship of alignment between axons and the direction of neurons seeded on the patterned films
was not examined or quantified. Axon outgrowth was quantified and graphed as average length of axon,
including the cell body. The number of cells quantified was n = 36 for each group, per time point.
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4.2.11 Real Time-Polymerase Chain Reaction (RT-PCR)
For assessing gene expression, silk films were removed from the chamber and washed with PBS. mRNA
was extracted using trizol (Invitrogen Corp, Grand Island, NY) then stored at -80°C. cDNA was amplified
with the TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA) and the Stratagene
Mx300 (Agilent Technologies, Santa Clara, CA) RT-PCR machine. RT-PCR determined gene expression
levels of β3-tubulin (Applied Biosystems, Carlsbad, CA Assay ID #: Mm00727586_s1). β3-tubulin, also
known as tuj-1, encodes for a structural protein found in neuron axons and cytoskeleton. β3-tubulin is
expressed in microtubules and is a common marker for identifying nervous tissue (Arien-Zakay et al.,
2007; Kandel et al., 2000; Oe et al., 2006). Relative gene expression was normalized to the housekeeping
gene GAPDH (Assay ID #: Mm99999915_g1) and calculated using the formula 2(Ct value of GAPDH – Ct value of gene)
as previously described (Mauney et al., 2007). The concentration threshold (Ct) value was set in the
linear range of fluorescence for all genes. Gene expression levels were calculated as the mean + one
standard deviation. Samples were taken on day 1, day 3, day 5, and day 7.
4.2.12 Immunostaining
Neurons seeded on patterned electronic silk films, flat electronic silk films, patterned silk films and flat
silk films were fixed at room temperature for 30 minutes in 4% paraformaldehyde then permeabilized
for 5 minutes in 0.3% triton X-100 and PBS. Following permeabilization, samples were incubated at 37°C
for 2 hours with a primary rabbit anti-mouse β3-tubulin antibody (Sigma-Aldrich, St. Louis, MO) in 10%
fetal bovine serum and PBS. Following incubation with the primary antibody, samples were washed 3
times in PBS then incubated at room temperature for 30 minutes with a secondary antibody, an Alexa
Fluor® 568 goat anti-rabbit IgG (Invitrogen Corp, Grand Island, NY). Following incubation of the
secondary antibody, samples were washed three times in PBS and imaged in distilled water using a Leica
DMIL fluorescence microscope (Leica, Wetzlar, Germany) with 560 nm + 20 nm and 645 + 40 nm filters.
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Staining was completed on day 1, day 3, day 5, and day 7. Three images were taken per group. p19 stem
cells seeded on flat silk films were stained and imaged as a negative control.
4.2.13 Statistical Analysis
All quantitative measurements were graphed and reported as the mean + 1 standard error, σ = σ/√n,
unless otherwise noted. Statistical significance was calculated using unpaired two-tailed t-tests with a
95% confidence interval (p < 0.05) unless otherwise noted.
4.3 Results
4.3.1 Electronic Patterned Silk Film Fabrication and Properties
E-films were successfully fabricated with varying surface topographies, electrode dimensions,
pattern/electrode orientation, and electrode material. Silk film surface topographies included 40 μm
width grooves, 3.5 μm width grooves having a 350 nm depth, and 3.5 μm width grooves having a 500
nm depth (Figure 4.1A). Electrodes deposited on silk films measured 0.5 mm x 4.0 mm, 1.0 mm x 4.0
mm, and 2 mm2 electrode pads with an 8 mm x 50 μm electrode array (Figure 4.1B). Electrodes were
oriented perpendicular, parallel, and at a 45° from the silk film patterns (Figure 4.1C). Electrode
materials deposited by the sputtering target included platinum/palladium, titanium, and gold (Figure
4.1D). E-films were approximately 90 μm thick (thickness measurements not shown).
Silk films were conductive down the length of each electrode when a 1 V signal was applied. No crosstalk
was observed in neighboring electrodes (Figure 4.2A – 4.2E). Twenty-five areas, specifically 5 areas per
electrode and 5 electrodes per silk film, were chosen across the electronic silk films for taking
conductivity measurements (Figure 4.2F). Electrodes 24.9 nm thick on flexible silk films exhibited little
to no conductivity. Electrodes 74.8 nm thick were 88.8 ± 2.54%, 86.2 ± 3.97%, and 91.7 ± 0.01%
conductive at 1 V, 1 V 20 Hz, and 1 V 1 kHz (Figure 4.3B). Electrodes having a thickness of 99.6 nm were
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90.2 ± 1.1%, 91.3 ± 0.03%, and 91.6 ± 0.02% conductive at 1 V, 1 V 20 Hz, and 1 V 1 kHz (Figure 4.3B).
Conductivity of electrodes 74.8 nm thick and 99.6 nm thick was statistically higher (p < 0.05) than the
conductivity of electrodes having a 24.9 nm thickness. Images of electrodes deposited on patterned silk
films having 24.9 nm, 74.8 nm, and 99.6 nm thickness are shown in Figure 4.3A. Differences in electrode
thickness are noted by the electrode color differences in the figures.
Prior to hydration, electrodes deposited on silk films were 91.1 ± 5.16%, 99.6 ± 4.10%, and 99.9 ±0.0%
conductive at 1 V, 1 V 20 Hz, and 1 V 1 kHz. One day following hydration the electrodes were 69.7
±11.9%, 79.9 ±8.71%, and 84.9 ± 8.19% conductive at 1 V, 1 V 20 Hz, and 1 V 1 kHz, respectively. At 2
days, electrodes were 75.5 ± 9.7%, 81.3 ± 9.41%, and 84.9 ± 8.20% conductive at 1 V, 1 V 20 Hz, and 1 V
1 kHz, respectively. At 7 days, electrodes were 60.1 ± 0.01%, 89.8 ± 6.87%, and 90.3 ± 6.57% conductive
at 1 V, 1 V 20 Hz, and 1 V 1 kHz, respectively. At 14 days, electrodes were 40.0 ± 0.01%, 56.9 ± 10.3%,
and 68.6 ± 9.40% conductive at 1 V, 1 V 20 Hz, and 1 V 1 kHz, respectively. Statistical differences (p <
0.05) between the conductivity of hydrated electrodes and the conductivity of electrodes prior to
hydration were at 2 weeks for all groups (Figure 4.4A). An average of 90% conductive can be explained
as 90 out of every 100 hydrated electrodes were functional.
Both the e-gel and the silver paste were options in attaching external electronics to the silk e-films. The
e-gel interface (Figure 4.3D) was 78.2 ± 8.26%, 80.8 ± 8.5%, and 81.1±8.38% conductive at 1 V, 1 V 20
Hz, and 1 V 1 kHz, respectively. The e-gel interface with chamber was 57.7± 11.3%, 67.0 ± 10.5% and
71.7 ± 7.36% conductive at 1 V, 1 V 20 Hz, 1V 1 kHz, respectively. The silver interface (Figure 4.3D) was
74.8 ± 9.92%, 84.9 ± 8.20%, and 89.9 ±6.88% conductive at 1 V, 1 V 20 Hz, and 1 V 1 kHz, respectively.
The silver interface with chamber was 84.8 ± 8.18%, 89.9 ± 6.89% and 74.8 ± 9.92% conductive at 1 V, 1
V 20 Hz, and 1 V 1 kHz, respectively. Conductivity between the electronic silk film interface and the
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electronic silk film interface with PDMS chamber groups did not show significant differences (p < 0.05)
(Figure 4.3D).
4.3.2 Responses on Electronic Patterned Silk Films
p19 cells attached and proliferated on 1 mM laminin coated gold e-films, 1 mM laminin coated platinum
and palladium e-films, 1 mM laminin coated titanium e-films, and 1 mM laminin coated non-electrode
silk films on day 1, day 3, day 5, and day 7 (images of cells not shown). All groups increased in cell
number between day 1, day 3, day 5, and day 7 (Figure 4.4B).
An image of the electronic silk film and chamber that was modeled is shown in Figure 4.5A. The applied
stimulation strength, electric field strength, and electric field direction across silk films in media are
shown in Figure 4.5B, 4.5C. Current density and direction is shown in Figure 4.5B. Electric field strength
across the silk film was 20 mV/mm.

Ionic current density in the center of the chamber was

approximately 2μA/mm2.
Fluorescent images of the p19 neurons growing on flat silk films without stimulation, flat electronic silk
films, patterned silk films without stimulation, and patterned electronic silk films are presented on days
1, 3, 5, and 7 (Figure 4.6). Directions of film patterns are noted by red arrows. Since neurons were
stained with calcein acetoxymethyl ester (calcein AM), a polyanionic dye that is retained in live cells, all
of the neurons that were imaged were living.
Differences in average axon alignment were found between the patterned silk films and the flat silk films
at all time points (p < 0.05) (Figure 4.7A). Differences between axon alignment on the patterned films
without electrodes and the patterned electronic films were found on days 3, 5, and 7 (p < 0.05) (Figure
4.7A). Quantification of axon alignment on the flat silk films, the flat electronic silk films, the patterned
silk films, and the patterned electronic silk films are reported within every 10 degrees (i.e., 0-10°, 10-20°,
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20-30°, 30-40°, 40-50°, 50-60°, 60-70°, 70-80°, 80-90°) from the groove on day 1 (Figure 4.7B), day 3
(Figure 4.7C), day 5 (Figure 4.7D) and day 7 (Figure 4.7E). The percentage of neurons on patterned films
that are aligned within 0 – 20 degrees of the groove increased from 75.8% to 99.9% on days 1 to 7. The
percentage of neurons on patterned electronic films that are aligned 0 - 20 degrees from the groove
were 81.4% aligned on day 1 and 67.7% on day 7. The neurons on the flat groups were 35.3%, 26.5%,
28.5% and 16.6% aligned on days 1, 3, 5, and 7, respectively. The neurons on the flat electronic groups
were 20.7%, 40%, 34.4%, and 23.4% aligned on days 1, 3, 5, and 7.
The assessment of cell transcripts revealed statistical differences in β3-tubulin gene expression on day 1
and day 3 (p < 0.05) between the stimulated flat silk films and the stimulated patterned silk films and
the stimulated patterned silk films and the non-stimulated flat silk films. Furthermore, there were
differences on day 3 (p < 0.05) between the electronic patterned group with stimulation and the
patterned group without stimulation. Finally, the assessment of cell transcripts revealed statistical
differences in β3-tubulin gene expression on day 5 and day 7 (p < 0.05) between the flat electronic
group and the patterned group without stimulation (Figure 4.8A).
Axon outgrowth in the flat, patterned, flat electronic, patterned electronic groups increased from day 1
to day 3 following seeding on silk films (Figure 4.8B). On day 5, there were statistical differences (p <
0.05) in axon length between the patterned films, with and without stimulation, and the flat silk film
groups. On day 7, there was a difference (p < 0.05) in axon length in the patterned electronic group
compared to the patterned, flat, and flat electronic groups. Neurons revealed protein expression of β3tubulin in all groups on day 1, day 3, day 5, and day 7 (Figure 4.9). Immunostaining was compared to a
negative control of non-differentiated p19 stem cells (image not shown).
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4.4 Discussion
We investigated several techniques for electrode deposition on flexible yet biocompatible patterned silk
film surfaces including resistance evaporation, e-beam evaporation, and soft lithography. The sputtering
techniques allow for efficient deposition of functional electrodes onto flexible surfaces that contain
topographical surface patterns. These methods can be accomplished at room temperature under
conditions that do not alter the protein structure of the biomaterial. Sputtering allows for deposition of
several metal conducting materials including gold, titanium, platinum/palladium, gold/palladium, and
nickel, in air, without the use of chemical solvents.
Different materials were utilized to form functional electronic material interfaces including e-gel, silver
paste, and silicon glue. While e-gel is not conductive it is a strong adhesive and is biocompatible (Yucel
et al., 2010b). Silver paste is a conductor, though not adequate as a strong adhesive. Furthermore, silver
containing paste can be toxic to cells (Ziegler et al., 2006). Silicon glue may also be used as a nonconductive, biocompatible, strong adhesive (Peignot et al., 2004). Combinations of these materials are
an option for optimizing conductivity and attachment.
The metal electrodes bond to the 90 μm thick, flexible 6-8% silk fibroin film over two weeks in a
hydrated environment.

Decreases in conductivity were observed as the silk films degraded in a

hydrated environment over two weeks (Figure 4.4A). Silk degradation time in water is dependent upon
several factors such as beta-sheet content and film thickness (Lawrence et al., 2010; Lu et al., 2010). As
the films degraded the electrodes dispersed, resulting in a degradable device. Parameters may be
tailored for the amount of treatment time needed in an in vivo environment.
The patterned electronic films were comparable in alignment to the patterned films the day after plating
(day 1), however, axon alignment, 0 -10 degrees from the groove, in the patterned electronic films
decreased on day 3 from 48.1% to 35.6% while the patterned films without electrical stimulation
83

increased from 44.8% to 54.3%. Here, the role of the electric field is unknown. While direct currents
have been demonstrated to align cells perpendicular to the electric fields (Dube et al., 2005; HronikTupaj et al., 2011a; Sun et al., 2006; Tandon et al., 2009b), there have not been extensive studies
examining the effects of alternating current fields on cell alignment. In some images, we observed that
the neurons aligned better on the grooved silk film when they were located in closer proximity to the
electrode. Electrode placement, electrode spacing, and electrode thickness on topographical surfaces
may have an effect on axon alignment or outgrowth, which will be a topic for future investigation.
Nerve cells require multiple cues (i.e., biophysical, biochemical, bioelectrical) for regeneration (Lee et al.,
2011). While surface topography and biochemical cues such as growth factors are widely used to control
nerve growth, there are only a handful of papers that examine the effects of electrical stimulation on
nerve cells in vitro. Electrical stimulation may be a promising option for nerve regeneration due to the
conductive properties of nervous tissue. In the present work we applied both biophysical and
bioelectrical approaches to assess neuron responses. While, nerve axon outgrowth was greater (p <
0.05) on day 5 in the patterned films than on the flat films (Figure 4.8B), there were more neurite
branching present on the flat films than on patterned films. Overall, quantification of axon outgrowth of
optical microscopy images followed quantification of gene expression. Finally, outgrowth of nerve axons
was greatest within the first three days following plating (Figure 4.8B). Over time, detachment of
neurons from the silk surface occurred, decreasing average axon length and total nerve tissue. As a
result, there is a need to research additional surface coatings for long term nerve cell attachment.
AC electric current transfers to ionic current via the electrode-electrolyte interface. Mechanistically, it
has been reported that electrical stimulation increases remyelination, guides extracellular matrix
deposition, activates endogenous brain derived neurotrophic factor (BDNF) release in hippocampal
neurons, and increase endogenous nerve growth factor (NGF) release in cultured Schwann cells (Huang
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et al., 2010; Wan et al., 2010a; Wan et al., 2010b). It is known that the release of NGF activates tyrosine
kinase receptor A (Trk-A) and p75NTR, a low affinity binding receptor. The TrkA receptor activates
intracellular phosphorylation of tyrosine residues known to signal the phosphoinositide 3-kinases/Akt
(PI-3K/Akt) pathways and the mitogen activated protein kinase (MAPK) pathway (Kaplan et al., 2000;
Kiryushko et al., 2004). The PI3-kinase/Akt pathway plays a role in neuron survival following injury
(Kaplan et al., 2000). The MAPK pathways are known as central mediators in axon sprouting and neural
differentiation (Airaksinen et al., 2002; Kaplan et al., 2000; Waetzig et al., 2005).
4.5 Conclusions
In conclusion, neural effects from electronic topographical surfaces have not been well studied. The
present paper provides methods for electrode incorporation onto films and options for creating
conducting topographical surfaces and electronic-silk film interfaces. Effects of these systems on neuron
axons in the presence of electric fields were demonstrated. Future directions include examining the
effects of electrode placement within the silk films and the effects of different electrode-pattern
orientations. Examining silk-electronics in different forms such as tubes, scaffolds, and gels may also
prove useful for medically-related devices. Finally, different surface topographies may be examined
including multi-directional surfaces patterns and nano and micrometer electrospun silk fibers to obtain
additional control of outcomes. Probing the mechanistic basis for the responses will also be critical to
future optimization of the techniques described here in vitro and in vivo.
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Figure 4.1: Electronic Patterned Silk Film Designs
(a) Patterned Silk Film Dimensions: (left) 40 μm width grooves, (middle) 3.5 μm width grooves having
350 nm depth, and (right) 3.5 μm width grooves having 500 nm depth. Scale bar is 40 μm. (b) Electrode
dimensions included (left) 0.5 mm x 4 mm, (middle) 1.0 mm x 4 mm, and (right) 2 mm2 electrode pads
with an 8 mm x 50 μm electrode array (c) Electrodes are oriented (left) perpendicular, (middle) parallel,
or (right) at 45° from the grooved surface patterns. Scale bar is 500 μm. Red arrows are showing the
direction of the patterns on the silk film. Yellow arrows are pointing to the direction of the electrodes.
Scale bar of silk film patterns in upper left hand corner is 20 μm. (d) Electrode deposition utilizing (left)
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platinum/palladium, (middle) titanium, and (right) gold. Red arrows are pointing to the silk film. Yellow
arrows are pointing to the electrodes.

Figure 4.2: Electrode Conductivity Across Silk Films
Conductivity measurements on silk e-films in response to (a) Stimulation of electrode #1 (b) Stimulation
of electrode #2 (c) Stimulation of electrode #3 (d) Stimulation of electrode #4 (e) Stimulation of
electrode #5. (f) Conductivity of measurement locations on electronic silk films.
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Figure 4.3: Conductivity Across Electronic Silk Films
(a) Images of electrode thickness on silk films at 24.9 nm (top film), 74.8 nm (middle film), and 99.6 nm
(bottom film). Scale bar is 10 mm. (b) Conductivity measurements across electronic films at 24.9 nm,
74.8 nm, and 99.6 nm thickness. Statistical significance between groups is marked by a bracket (p <
0.05). (c) (top) e-gel interface across silk films and (bottom) silver interface across silk films. Scale in both
images is 2 mm. (d) Conductivity Across Interface and Chamber. Statistical significance between groups
is marked by an asterisk (* p < 0.05).
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Figure 4.4: Time Studies of E-Film Functionality
(a) Measurements of electrode conductivity at 1 V, 1 V 20 Hz, and 1 V 1 kHz in a hydrated environment
over two weeks. Statistical significance is marked by an asterisk (* p < 0.05) and denotes a statistical
difference in electrode conductivity compared to conductivity prior to hydration. (b) Cellular
proliferation on day 1, day 3, day 5, and day 7. Groups included p19 cells seeded on silk films without
electrodes, platinum palladium electronic silk films, gold electronic silk films, and titanium electronic silk
films. Statistical differences in cell number are marked by a bracket (p < 0.05).
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Figure 4.5: Electronic Silk Film Modeling
(a) Image of the modeled electronic silk film and chamber. Scale bar = 1 cm. (b) Current density across
chamber. (c) Maximum voltage potential applied to chamber. (d) Electric field strength and electric field
direction is illustrated by the red arrows.
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Figure 4.6: Fluorescent Microscopy Images
Fluorescent microscopy images of p19 neurons on flat silk films, flat electronic silk films, patterned silk
films, and patterned electronic silk films on day 1, day 3, day 5, and day 7. Pattern direction is noted by
the red arrows. Scale bar is 75 μm.
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Figure 4.7: Quantification of Axon Alignment
(a) Average axon alignment on day 1, day 3, day 5, and day 7. Statistical significance between groups is
marked by a bracket (p < 0.05). Quantification of axon alignment on (b) day 1, (c) day 3, (d) day 5, and
(e) day 7. Axon alignment on flat silk films, flat electronic silk films, patterned silk films, and patterned
electronic silk films is binned within every 10° to provide information on alignment over the neuron
population.
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Figure 4.8: Quantification of Axon Outgrowth
(a) β3-tubulin mRNA expression relative to GAPDH vs. time. (b) Average axon outgrowth on day 1, day
3, day 5, and day 7. Statistical significance between groups is marked by an asterisk (* p < 0.05).
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Figure 4.9: β3-Tubulin Protein Expression
Immunofluorescence staining of β3-tubulin expression on day 1, day 3, day 5 and day 7. Scale bar is 75
μm.
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Chapter 5: TOOLBOX INCORPORATION IN 3D: SILK FIBROIN TUBES FOR AXON OUTGROWTH
5.1 Introduction
While strategies for peripheral nerve repair were reported as early as 1836, still today there is not one
method for successful long gap peripheral nerve repair. Although the autograft continues as the gold
standard for the coaptation of severed nerve ends, there is limited availability of peripheral nerves for
transplant, especially for long-gap nerve injuries. For enhancing the repair of nervous tissue, several
approaches such as the addition of nerve growth factors, stem cell and glial cell transplantation, gene
therapy, functional electrical stimulation, surface topographies, and natural and synthetic guidance
channels have been investigated (Lari et al., 2001; Murakami et al., 2003; Pan et al., 2007; Pan et al.,
2006; Pollock, 1995; Runge et al., 2010). Many of these approaches have been incorporated into nerve
guides. Currently few studies have incorporated electrodes into nerve guides or developed nerve guides
using conductive polymers (Benmerah et al., 2009; Haastert-Talini et al., 2011; Lee et al., 2010b; Runge
et al., 2010). Even fewer studies have examined the cellular response. The few studies that have
examined electric field stimulation on neurons have reported promising results in the early stages. For
example, one article discussed that short-term low frequency electrical stimulation at the proximal
stump may enhance long gap peripheral nerve injury (Haastert-Talini et al., 2011).
To date, there has not been any work reported on electrode incorporation into patterned degradable
silk conduits for peripheral nerve regeneration and axon outgrowth. Our objectives included design,
fabrication and characterization of a patterned electronic silk nerve guides, design and implementation
of a neural stimulation system, and the identification of the effects of electrical stimulation, either
gradient stimulation, stimulation parallel to the length of the guide, or stimulation perpendicular to the
length of the guide.
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5.2 Materials and Methods
5.2.1. Fabrication of Electronic Patterned Silk Films (E-films)
Silk Fibroin Purification - Silk fibroin solution was purified from Japanese Bombyx mori cocoons as
described previously (Kang et al., 2009; Kim et al., 2005). Briefly, cocoons were cut, boiled for 30
minutes in Na2CO3 for sericin removal, washed in deionized water, and dried overnight. The following
day, silk fibroin fibers were dissolved in lithium bromide at 60°C for 4-6 hours. Dissolved silk fibroin was
injected into 3,500 MW dialysis cassettes (Thermo Fisher Scientific Waltham, MA).

Dialysis was

performed in deionized water for two days. Following dialysis, silk solution was removed from cassettes
and centrifuged twice at 9,000 rpm at 4°C for 20 minutes. Following centrifugation, 1 mL of fibroin
solution was dried in a 60°C oven. The dried solution was weighed for measuring silk fibroin
concentration. This process resulted in a final concentration of purified silk fibroin solution 6-8% weight
by volume (w/v).
Patterned Silk Films - A polydimethylsiloxane (PDMS) mold was prepared by mixing a base and a curing
agent (Ellsworth Adhesives, Germantown, WI) in a 9:1 ratio (w/w) then pouring this mixture over
grooved glass slides. PDMS was dried at 60°C for 2-3 hours before being peeled from the grooved glass
slide. For patterned silk film fabrication, 6 - 8% silk fibroin solution was poured onto the grooved PDMS
mold and allowed to dry slowly for 1-2 days. Once dried, patterned silk films were peeled off the PDMS
mold.
Electrode Deposition onto Patterned Films - An electrode mask (Boston Lasers, Haverhill, MA) was
generated by laser etching a pattern into a 2.7 cm x 4.3 cm x 0.2 cm black delrin slide. The mask was
secured on top of a silk film. Gold electrodes were deposited via sputter coating on top of the mask and
silk film using a Cressington 208HR Sputter Coater (Watford, England). Following electrode deposition,
the electronic-silk films were treated with methanol and dried overnight to induce β-sheet formation.
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5.2.2 Fabrication of Electronic Patterned Silk Nerve Guides (E-Guides)
Electronic silk nerve guides were constructed in two-layers. For the inside layer, a patterned electronic
silk film (e-film) was rolled around a stainless steel post then methanol treated to induce β-sheet
formation. Following an initial methanol treatment, a 6-8% silk solution was applied to secure the seam
of the silk film around the stainless steel post then methanol treated for the purpose of holding a
tubular shape prior to the addition of an outer silk layer. For creating an outer layer, alternating dips
into a 20-30% concentrated silk solution and methanol was repeated 3 times. An outer layer was
created for the purpose of enhancing mechanical integrity of the guide. For the purpose of creating
porosity and decreasing nerve guide brittleness, 7% PEO was mixed in with the 25% silk solution. Guides
were left to dry overnight. The following day, the guides were soaked for one day in a surfactant for post
removal then soaked for two days in water for PEO removal. Controllable guide parameters included
electrode design, nerve guide diameter, and porosity. Electrode designs included electrode deposition
parallel and perpendicular to the silk film patterning, electrode gradients and electrode placement on
one end of the nerve guide. Inner nerve guide diameters included widths of 0.5 mm, 1.5 mm, 3.0 mm,
and 5.0 mm guides. A range of guides were fabricated using silk to PEO ratios of 100% Silk 0% PEO, 98%
Silk 2% PEO, 90% silk 10% PEO, 80% Silk 20% PEO, and 75% Silk 25% PEO.
For the purpose of connecting electronic silk nerve guides to an external stimulator, a 99.95% gold wire
(Surepure Chemetals, Florham Park, NJ), 0.01 cm in diameter, was cut 8 cm long and attached to the
electronic silk nerve guides using a conductive silver paste (Ted Pella, Redding, CA). The silver paste was
allowed to dry overnight. The following day the electronic nerve guide with the external gold wire
interface was placed into a 60 mm cell culture dish and secured using non-toxic silicone glue (PETCO,
San Diego, CA).
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5.2.3 Design of an External Neural Stimulator
A PCI-6221 data acquisition board (National Instruments, Austin, TX), having two 16-bit 250 kS/S output
ports, was inserted into a PCI slot of an Dell OptiPlex 960 (Round Rock, TX) then connected to a 68 pin
I/O connector block (National Instruments, Austin, TX). For increasing the number of available output
channels, a 22 gauge solid wire was connected from each output channel of the 68 pin I/O connector
block to a solderless breadboard (You Do It Electronics, Needham, MA). Four 22 gauge solid wires were
connected from the breadboard on one end and to steel alligator clips (You Do It Electronics, Needham,
MA) on the other end. Alligator clips were used to clip the external gold wires from the nerve guides to
the stimulation system. For avoiding external electromagnetic interference, a 2’ x 2’ x 1.5’ Faraday Cage
was built around the connector block, breadboard, and culture dish.
Following hardware installation, NI-Daq driver software and LabVIEW 2009 was installed on the
computer. Two tasks were created in the driver software to map the physical output channels on the
data acquisition board to virtual channels that interfaced with LabVIEW. Next a LabVIEW program was
written to generate user specific waveforms for neural stimulation. Adjustable stimulation parameters
included frequency (< 1 MHz), offset, pulse shape (sine, square, triangle), and amplitude (< 10V). The
LabVIEW program was designed to execute the desired waveform to the two output channels either
separately, simultaneously, or sequentially.
5.2.4 Scanning Electron Microscopy (SEM)
Silk tubes having varying pattern dimensions and orientations were cut open and sputter coated with
approximately 40 nm of gold using a SC502 sputter coater (Bio-Rad, Hercules, CA). Silk tubes containing
varying silk/PEO ratios were also sputter coated at the same thickness. All silk tubes were imaged using
a JSM-840 Scanning Electron Microscope (JEOL USA, Peabody, MA).
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5.2.5 Electronic Patterned Silk Nerve Guide Conductivity Measurements
Inside the Nerve Guide – In Chapter 4, we demonstrated that electrodes, having at least 74.8 nm
thickness, deposited on silk films were conductive across the length of the film and were conductive
following submersion in a hydrated environment over 2 weeks. To test whether the electronic films
were conductive inside a wrapped conduit, quick and simple conductivity tests were performed.
Specifically, one lead of an ohmmeter was placed on one of the electrodes inside the tube and the other
lead was placed on the same electrode located on the outside of the tube. Electrodes were determined
as conductive or not conductive if the ohmmeter could send a current down the electrode and measure
a resistance. Sample size was n = 30 electrodes.
Across Connector Pads - Conductivity measurements were taken across the 99.95% gold wire, which was
attached to the nerve guide connector pads via the silver paste, and inside electronic patterned silk
nerve guide. Sample size was n = 30 electrodes.
In a Hydrated Environment – For the purpose of assessing electrode adhesion to the silk film surface,
conductive nerve guides were placed in phosphate buffered saline (PBS) at room temperature. At one
week, the nerve guides were removed from the PBS and allowed to dry overnight. The next day
conductivity measurements were taken using an ohmmeter. Sample size was n = 30 electrodes.
5.2.6 Electronic Patterned Silk Nerve Guide Mechanical Testing
E-guides were fabricated then hydrated in PBS at room temperature for 3 days prior to testing. For
performing tensile tests, a 3366 Series Dual Column Tabletop Universal Test System (Instron, Norwood,
MA) with a load cell of 100 N was used. For the purpose of calculating the nerve guide cross-sectional
area and converting the applied force into stress per square area, the inner nerve guide diameter and
thickness of the nerve guide wall was measured using calipers. Tensile tests were completed at a rate of
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pull of 1 mm per minute then graphed as a stress-strain curve. As a measure of nerve guide elasticity,
the Young’s Modulus was quantified from the slope in the linear region of the stress-strain curve.
Ultimate tensile strength was graphed as the highest stress value achieved during the test. Sample size
was n = 3 guides.

5.2.7 SH-SY5Y Stem Cell Culture
SH-SY5Y stem cells (ATCC, Manassas, VA), originating from a human neuroblastoma cell line, were
thawed, then expanded in culture at a density of 5,000 cells/cm2 using a 50:50 composition of
DMEM/F12 (Invitrogen Corp., Grand Island, NY), 10.0% fetal bovine serum (Invitrogen Corp.), and 1.0%
penicillin-streptomycin (Invitrogen Corp.). Stem cells were incubated at 37°C in 5% CO2. Media was
changed two times per week and passaged at 80% confluency. All experiments used stem cell passage
numbers between P1-P6.
5.2.8 Silk Nerve Guide Seeding Density Study
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI) was diluted in cell culture
media containing neural stem cells to a final concentration of 10 μM then incubated at 37°C for 30
minutes. Following incubation, diI stained stem cells were centrifuged at 1000 rpm for 5 minutes. The
DiI containing cell culture media was aspirated and fresh neuron culture media was replaced. DiI
stained stem cells were seeded into sterile silk nerve guides at densities of either 1 million cells/cm2, 2
million cells/cm2 or 4 million cells/cm2. Following three days of culture, silk nerve guides were cut in half
and imaged in PBS using confocal microscopy. Confocal images were acquired using a two-photon ready
Leica DM IRE2 confocal microscope (Leica, Wetzlar, Germany). Cell images were taken at 540 nm
excitation and 565 nm emission using a 20x objective, numerical aperture 0.7. Transmission images of
the silk tube was taken using a 20X objective, numerical aperture 0.7, in the same field of view as the
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confocal images of the stained cells. Confocal and transmission images were overlayed to view stem
cells attached to silk nerve guides.
5.2.9 Electronic Nerve Guide Preparation and SH-SY5Y Stem Cell Seeding
Prior to cell seeding, electronic nerve guides were sterilized in 70% ethanol for 1 hour, washed 4 times
with PBS, then exposed to ultraviolet light overnight in a laminar flow hood. For neural cell attachment,
the silk guides were soaked for 1 hour in 0.1 mg/mL poly -d lysine (Sigma-Aldrich, St. Louis, MO). After 1
hour, the poly -d lysine solution was aspirated and SH-SY5Y stem cells were injected at a density of 1
million cells/cm2 to the inside of the guides. Next, cells were allowed to attach to the inside of the nerve
guides for 45 minutes. Additional neuronal cell culture media was then added to the chamber.
5.2.10 Nerve Guide Experimental Setup
The following morning, neural differentiation components, 1 μM retinoic acid (RA) (Kim et al., 2008) and
50 ng/mL of nerve growth factor (NGF) (Oe et al., 2006; Price et al., 2006), were added to the neural
culture media. Groups included a control group, a gradient stimulation group, a group with parallel
electrodes, and a group with perpendicular electrodes. The waveform signal applied to the parallel and
perpendicular electrode groups was 120 mV 1 kHz. The voltage applied to the nerve guide system was
verified prior to stimulation. The electric field application was performed for 45 minutes daily and the
experiments ran over 7 days. Neural differentiation media was changed twice weekly.

5.2.11 Live-Dead Stain
On day 3 and day 7 following cell seeding, media was aspirated from the nerve guides, and a phosphate
buffered saline solution containing 2 μM calcein AM and 4 μM EthD-1 (Invitrogen Corp., Grand Island,
NY) was added directly to the neurons. Neurons were incubated at 37°C for 30 minutes. For detecting
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live cells, neurons were imaged with a Leica DMIL fluorescence microscope (Leica, Wetzlar, Germany)
with 470 nm + 20 nm and 525 + 25 nm filters. For detecting dead cells in the same field of view, a second
image was taken using 560 nm + 20 nm and 645 + 40 nm filters. Images was n = 3.
5.2.12 Statistical analysis
Conductivity measurements were graphed and reported as the mean + 1 standard error, σ = σ/√n.
Mechanical measurements was reported as the mean + 1 standard deviation with a sample size of n = 3
guides. Statistical significance was reported using two-tailed t-tests with a 95% confidence interval (p<
0.05).
5.3 Results
5.3.1 Silk Nerve Guide Designs
Nerve guides fabricated incorporated a range of electrode designs, patterned film dimensions, film
compositions, tube porosities, and varying tube diameter. Electrodes and patterns were successfully
incorporated into the inner layer of nerve guides (Figure 5.1A, 5.1B). Pores were successfully
incorporated into the outside layer of the nerve guide (Figure 5.1C). Pore size varied in tubes with
varying silk and PEO ratios.
5.3.2 Nerve Guide Conductivity
Electronic nerve guides were 73.3 + 10.1%, 66.6 + 10.7%, and 60 + 12.5% conductive within the silk tube,
across the electrode pads, and 1 week following hydration, respectively (Figure 5.2A). There were not
any statistical differences (p < 0 .05) in conductivity between all three conditions. An image of the silk
tube and interface is shown in Figure 5.2B.
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5.3.3 Nerve Guide Mechanical Measurements
Stress-strain graphs, Young’s Modulus, and ultimate tensile strength are shown in Figure 5.3. Statistical
differences (red asterisk, p < 0.05) in the Young’s Modulus values are shown between the 75/25, 80/20
and the 90/10 tubes compared with the 98/2 Silk/PEO tubes. Statistical differences (blue asterisk, p <
0.05) in Young’s Modulus values are shown between the 75/25 and the 80/20 tubes compared with the
100/0 silk/PEO tubes. There were not any statistical differences (p < 0 .05) in the Young’s Modulus
between the 75/25, 80/20 groups or the 90/10 Silk/PEO groups. There are not any statistical differences
(p < 0.05) in Young’s Modulus between the silk tube groups having a 98/2 and 100/0 silk to PEO ratio.
Statistical differences (p < 0.05) in ultimate tensile strength are shown between the 75/25, 80/20 and
90/10 Silk/PEO groups and the 98/2 and 100/0 Silk/PEO groups. There are not any differences (p < 0.05)
in ultimate tensile strength between the silk tubes having a 98/2 and 100/0 silk to PEO ratio.
5.3.4 Design of an External Neural Stimulator
The design of our neural stimulation system is shown in Figure 5.4A. For stimulation, neurons are placed
inside the Faraday Cage and treatment parameters are inputted from the control panel on the desktop
computer (Figure 5.4B, C).
5.3.5 Neural Cell Imaging Inside Silk Guides
Confocal images of DiI stained stem cells over a range of seeding densities (Figure 5.5). Cells are
attached to silk tubes three days following cell seeding (Figure 5.5). Nerve guides were successfully
incorporated with neural differentiating SH-SY5Y stem cells at densities of 1 million cells/cm2 and cells
were viable day 3 and day 7 after seeding (Figure 5.6-7).
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5.4 Discussion
5.4.1 Silk Nerve Guide Designs
Nerve Guide Porosity – It is known that nerve guides that contain pores and allow for permeability of
the surrounding environment increase peripheral nerve regeneration over guides that are not porous
(Belkas et al., 2004). In our multifunctional patterned electronic silk nerve guides, we incorporated pores
into the outside silk layer. In future work, porous electrode designs could be incorporated into the inner
electronic silk film layer for the purpose of increased nutrient diffusion, increased electrode surface
area, and decreased electrode impedance.
Nerve Guide Wall Thickness - Nerve guide wall thickness of less than approximately 0.81 mm has also
been shown to play a role in nerve regeneration (Belkas et al., 2004). Our silk guides had a wall thickness
of approximately 0.5 mm. This wall thickness can be tailored depending on the number of silk coatings
added to our tubes.
Nerve Guide Elasticity - The Young’s Modulus for the electronic patterned silk nerve guides ranges from
0.058 MPa to 0.243 MPa following three days of hydration in PBS. The Young’s Modulus in the
longitudinal direction for peripheral nerves has been reported as approximately 8.5 - 40 MPa (Bueno et
al., 2008). From our measurements, our nerve guides are more elastic than the native peripheral nerve
in the longitudinal direction.
The lower the material’s elastic modulus, the lower the stiffness of the material. Stiffness has played a
role in neuron attachment and growth on surfaces (Balgude et al., 2001; Scott et al., 2010). For example,
decreases in biomaterial stiffness such as in agarose gel and collagen allows for increases in neurite
extension of PC12 and DRG neurons (Balgude et al., 2001; Scott et al., 2010). Stiffness is another
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requirement needed for consideration when developing future guides, especially when studying them in
vitro. A lower stiffness allows for increased neuron attachment during in vitro experiments.
Nerve Guide Strength - Ultimate tensile strength of the guides ranges from 0.439 MPa to 3.15 MPa
following three days of hydration. Ultimate tensile strength in our nerve guides vary depending on
porosity. Maximum stress on peripheral nerves has been reported as 11.7 MPa (Bueno et al., 2008). If a
higher strength guide is needed in the future, reinforced nerve silk guides may be developed with our
‘toolbox’. One option for reinforced nerve guides is through the incorporation of electrospun silk fibers.
Methods for electrospun silk fiber incorporation into single channel silk nerve guides was successfully
developed in our lab (Methods by Marie Tupaj, Not shown, 2010). These methods could be incorporated
into the electronic guides. They may also be helpful for alignment. Other options for reinforced guides
may be the use of a higher concentration, greater than 20-30%, of silk solution in the outside layer.
Silk Nerve Guide Degradation – Our silk nerve guides need to allow for conductivity, mechanical integrity
and stability over the course of healing. Currently, our short term hydration studies showed no change
in nerve guide conductivity over 1 week. Over the long term, spatially controlled growth factor
incorporated silk nerve guides have been implanted in rat sciatic nerve defects for up to 6 weeks (Lin et
al., 2011). In past studies, silk tubes have shown little degradation, as determined through mass lost,
over 10 days in PBS (Lovett et al., 2007). Tube porosity did not affect degradation (Lovett et al., 2007). It
has been reported that silk degradation time processed in films is dependent on β-sheet content
(Lawrence et al., 2010). β-sheet content may be induced in silk through methanol treatment or water
annealing and it has been found that a three-fold increase in β-sheet content is seen in films treated
with methanol over water annealing (Lawrence et al., 2010). Altering the amount of β-sheets is one way
to tailor degradation of film incorporated multifunctional nerve guide for healing long gaps.
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Finally, while little change has been observed in the mechanical integrity of silk tubes in PBS over 10
days (Lovett et al., 2007), over the long term, mechanical properties will change as the tubes degrade.
5.4.2 E-Guide Effects on Axon Growth
SH-SY5Y differentiating neurons in our studies were viable over 7 days without the need for a bioreactor
system (perfusion or spinner). Nerve guides used in our studies were 3 mm in diameter to allow for
nutrient and oxygen diffusion through the guides.
Differentiating nerve cells were exposed to electric fields parallel to patterning, perpendicular to
patterning, and in a gradient way in the nerve guide. Gradient electrical stimulation may be used for
increasing release of endogenous neurotrophic factors towards the distal stump for guiding neuron axon
growth in that direction. Neurotrophic factor release in a gradient way may avoid the “candy store
effect” of neuron growth halted in one area due to increased concentration of neurotrophic factors.
5.5 Conclusions & Future Directions
In conclusion, we developed methods and fabricated electronic patterned silk nerve guides with varying
electrode designs, patterning, porosities, and diameters. It was demonstrated that e-guides were
conductive inside the tube and following 1 week in a hydrated environment. Silk nerve guide designs
exhibited varying strength and varying elasticity that was dependent on porosity. Specifically, guides
having higher porosity were characterized by a lower elastic modulus and a lower ultimate temsile
strength. Guides having a lower porosity were characterized by a higher elastic modulus and a higher
ultimate tensile strength.
Seeding densities inside the silk guides were optimized at 1 million cells/cm2. Neural differentiating SHSY5Y stem cells were attached and viable inside the electronic patterned silk nerve guides over 1 week.
Increased axon outgrowth was observed between day three and day seven following perpendicular and
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gradient stimulation. Finally, a system for stimulating nerve cells in culture and in silk guides was
developed.
In vitro studies in this project utilized the common SH-SY5Y cell line (Table 1.1). Future nerve guide
studies will include the use of primary peripheral cells, dorsal root ganglia. Studies examining responses
of severed neuron axon growth inside silk guides would also provide interesting information.
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Figure 5.1 Electronic Patterned Silk Nerve Guide Designs (a) Electrode Designs in silk nerve guides (left to
right) electrode incorporation perpendicular to length of nerve guide conduit, electrode incorporation
parallel to length of nerve guide conduit, electrode incorporation for gradient stimulation, and electrode
incorporation at one end of the guide for proximal or distal stimulation. For a clear image of the
electrodes, the inside layer of nerve guide is shown only. Scale bar is 1 mm. (b) Pattern incorporation
into silk nerve guides (left to right) ‘Pattern H” incorporation having dimensions of 3584 nm width with
approximately 108 nm depth, ‘Pattern I’ incorporation having dimensions of 3.5 um width with
approximately 500 nm depth, ‘Pattern I’ oriented perpendicular inside the silk tube, and ‘Pattern I’
incorporation into a porous silk film with a 90/10 Silk to PEO ratio. Scale bar is 50 um. In the last image
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the scale bar is 100 um. (c) Nerve Guide Composition (left to right) 100% silk and 0% PEO, 90% silk and
2% PEO, 80% silk and 20% PEO, 75% silk and 25% PEO. The larger pores are seen in silk nerve guides that
have a greater percentage of PEO. Scale bars are 500 um, except middle left image, scale bar is 100 um.
Outside layer only is imaged. (d) Nerve Guide Diameter (left to right) 1.0 mm, 1.5 mm, 3.0 mm, and 5.0
mm. To view film pattern, inside layer only is imaged. Scale bars are 1.5 mm.

Figure 5.2 Characterization of Electronic Patterned Silk Nerve Guide Conductivity (a) Conductivity
measurements inside the silk tube, across the silk tube connector pads, and following 1 week hydration
in PBS (b) Image of the electronic patterned silk nerve guide and electronic Interface. For a clear view of
the electrodes, inside layer is shown. Scale bar is 1 mm.
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Figure 5.3 Electronic Patterned Silk Nerve Guide Mechanical Characterization (a) Stress-strain curve of
electronic silk nerve guides having varying silk and PEO ratios. Stress is defined in MPa as force per area.
Percent strain in the axial direction is defined as the difference between the final sample length and the
initial sample length divided by the initial sample length. (b) Young’s modulus of electronic patterned
silk nerve guides at varying silk and PEO ratios. The red asterisk denotes statistical differences (p < 0.05)
between the group marked and the 98/2 Silk/PEO group. The blue asterisk denotes statistical
differences (p < 0.05) between the group marked and the 100/0 Silk/PEO group. (c) Ultimate tensile
strength. The black asterisk (p < 0.05) marks statistical differences (p < 0.05) between the group marked
and all other groups.

110

Figure 5.4 External Neural Stimulator (a) Design. The main components include are labeled in green (b)
Stimulation Device. While this stimulation device is for the purpose of neuron experiments, this device
may be used for stimulation of any cell type. The Faraday cage avoids electromagnetic interference from
external sources, such as lights and wall outlets. (c) LabVIEW stimulation program. Amplitude and
Frequency of each output channel are entered by the user.
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Figure 5.5 Stem cell seeding density in silk nerve guides (a) 1 million cells/cm2 (b) 2 million cells/cm2 (c) 4
million cells/cm2. (top panel) DiI stained stem cells only (bottom panel) Overlay of stem cells attached on
silk guide. Scale bar = 100 um.
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Figure 5.6 SH-SY5Y differentiating neurons in electronic nerve guides following three days after cell
seeding (a) patterned guides only (b) perpendicular electrodes (c) parallel electrodes (d) gradient
stimulation. (left panel) stain of live cells (right panel) stain of dead cells. Scale bar = 150 um.

Figure 5.7 SH-SY5Y differentiating neurons in electronic nerve guides following seven days after cell
seeding (a) patterned guides only (b) perpendicular electrodes (c) parallel electrodes (d) gradient
stimulation. (left panel) stain of live cells (right panel) stain of dead cells. Scale bar = 150 um.
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Chapter 6: MECHANISM
6.1 Introduction
Successful peripheral nerve repair is dependent upon the ability of the surrounding microenvironment
to provide biochemical and biophysical cues for guiding sprouting axons from the proximal to distal
stump, for encouraging axon outgrowth prior to distal stump atrophy, and providing for the
remyelination of newly repaired axons (Kehoe et al., 2011). During nerve regeneration, it has been
reported that several well known signaling cascades and pathways, including the mitogen-activated
protein kinase (MAPK) pathway, the MAPK-kinase (MEK) pathway, the phosphatidylinositol 3-kinase
(PI3-Kinase)/Akt pathway, the JNK pathway, the phospholipase Cγ (PLCγ)/ pathway, and the ERK
pathway, are involved (Figure 6.1). During peripheral nerve regeneration, the MAPK & MEK pathways
are known as central mediators in axon sprouting and neural differentiation (Waetzig et al., 2005). The
MAPK pathway has been described in several articles to be crucial for neuritogenesis while contributing
to neuron survival (Airaksinen et al., 2002; Kaplan et al., 2000). The PI3-kinase/Akt and ERK pathways
play a role in activating Schwann cell proliferation and migration following injury.
These regenerative pathways are activated by several receptors and ion channels, including but not
limited to, tyrosine kinase receptor A (Trk-A), tyrosine kinase receptor B (Trk-B), tyrosine kinase receptor
C (Trk-C), p75 neurotrophin receptor (p75NTR), roundabout (Robo) 2, GDNF-family receptor-α1 (GFRα1), the G-coupled receptors, and the tenascin-C integrin α9 + β1 (Airaksinen et al., 2002; Kaplan et al.,
2000; Waetzig et al., 2005). It is also well known that NGF activates the TRK-A receptor, BDNF activates
the TRK-B receptor, and NT-3 activates the TRK-C receptor. The p75NTR receptor, a low affinity binding
receptor, is also activated in the presence of several neurotrophins, including NGF, BDNF, and NT-3
(Kiryushko et al., 2004). GDNF activates one of four GFRα receptors, the GFR-α1 receptor, forming a
complex with transmembrane receptor, RET (Airaksinen et al., 2002; Yang et al., 2010; Zhang et al.,
2009). Activation of TRK and RET receptors occurs through the phosphorylation of tyrosine residues on
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the intracellular membrane domains allowing access to high affinity binding sites of several proteins,
such as FRS2, downstream of tyrosine kinase 4/5 (DOK4/5), insulin receptor substrate 1/2 (IRS1/2),
enigma, and Src-homologous and collagen like protein (Shc) (Airaksinen et al., 2002). These proteins
activate downstream signaling pathways (Airaksinen et al., 2002) that push actin filaments (F-actin) in
the growth cone outwards (Figure 6.1).
Schwann cells play a large role in nerve regeneration through mutliple ways. For example, it is well
known that Schwann utilize biophysical means for directing axons from the proximal stump into the
endoneurial tubes of the distal stump (Mackinnon et al., 1988). Biochemically, Schwann cells release
growth factors, specifically NGF and GDNF, that activate receptors including Trk-A, GFR-α1, RET, and
signaling cascades, for enhancing regeneration (Airaksinen et al., 2002; Yang et al., 2010; Zhang et al.,
2009). Schwann cells can also release endogenous factor, Slit1 (Zhang et al., 2010). Slit1 may directly
activate neurons for regeneration by activating the robo2 receptor (Zhang et al., 2010), which activates
the MEK and ERK pathway. Slit1 may indirectly control nerve regeneration by controlling glial behavior
(Zhang et al., 2010).
As Scwann cells emerge from the nerve stumps, they come into contact with fibroblasts at the site of
injury. Ephrin-B/EphB2 signaling between fibroblasts and Schwann cells help sort these cells, allowing
for Schwann cell migration into a position for aligning axons across the injury site. Interestingly, a loss of
EphB2 results in impaired directional regrowth (Parrinello et al., 2010)
During regeneration, chondroitin sulfate proteoglycans (CSPGs), as well as inhibitory myelin-associated
glycoproteins (MAGs) (Tomita, 2007), are upregulated by Schwann cells and macrophages. CSPGs are
inhibitory regulators of axonal regeneration following nerve injury (Carulli, 2005; Muir, 1989; Zuo, 1998).
CSPGs promote axon death and block access to Schwann cell basal lamina tubes and laminin molecules
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(Salonen, 1987). CSPGs must be degraded by those same cells before axonal growth can continue
(Braunewell, 1995; Zuo et al., 1998).
These surrounding cells, neurotrophic receptors, signaling cascades, and the pathways that they activate
are summarized in Figure 6.1.

Figure 6.1: A Summary of the Primary Peripheral Nerve Regeneration Pathways. Pathways promoting
axon elongation are in blue. Pathways promoting proliferation are in purple. Pathways promoting axon
guidance are in green. Black arrows show receptor activation by the corresponding growth factor
labeled in orange (Airaksinen et al., 2002; Eva et al., 2010; Meyer-Franke et al., 1998; Parrinello et al.,
2010; Waetzig et al., 2005; Yamazaki et al., 2009; You et al., 2010; Zhang et al., 2010; Zhang et al., 2009)
(Image drawn by Marie Tupaj, Unpublished, 2010).
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While endogenous growth factor release has played the accepted role in activating the neurotrophic
receptors that activate the above pathways, we are interested in how electrical fields interact with cells.
It has been hypothesized that electrical stimulation may increase endogenous neurotrophic factors that
activate these pathways and signaling cascades (Huang et al., 2010; Wan et al., 2010b). Prior literature
has also suggested that electrical stimulation may affect neural cell fate in one of several ways, including
altering pH, Joule heating, mechanical stress, altering membrane potential, or altering receptor
expression (Greenebaum et al., 2007; Klein et al., 2003; McCaig, 1989)(Figure 6.2).
In the following studies, we investigated how pH, heat, and receptor expression levels change during a
moderate degree of electrical stimulation. Specifically pH levels of cell culture media were monitored
over the course of stimulation treatments. Joule heating models were created for understanding the
heat generated and temperature change over a range of electrical stimulation parameters. Gene
expression levels of two receptors, the p75NTR receptor and the N-methyl-D-aspartame receptor
(NMDAR) were examined over different electrical field strengths and frequencies.
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Figure 6.2: Overview of potential nerve regeneration mechanisms during electrical stimulation.
Mechanisms may include (a) pH changes, (b) joule heating, (c) mechanical force, (d) altering membrane
potential, or (e) altering receptor and ion channel expression. Changes in the local pH environment may
be described chemically through reversible and non-reversible faradaic reactions at the electrodeelectrolyte interface. Faradaic reactions produce and consume hydrogen and hydroxyl ions at the anode
and cathode, respectively. Increases in cell temperature may be caused by Joule heating. Joule heating,
described as increases in cell temperature due to energy supplied to the system, may be quantified
through integrating the power law over time (Hronik-Tupaj et al., 2011a). As the magnitude of the
electric field is in units of Newton/Coulomb, axon growth could be initiated through applied forces on
the cell. Changes in extracellular ion concentration from applying an external electric field may alter
membrane potential. This relationship between membrane potential from the difference between
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extracellular to intercellular ion concentration can be described through the Nernst and Goldman
Equations. Changes in growth factor release, receptor activation and receptor expression levels are yet
another possibility (Huang et al., 2010; Klein et al., 2003) (Image by Marie Tupaj, Unpublished, 2011).

6.2 Materials & Methods
6.2.1 pH Monitoring
Electrical chambers were built according to the instructions for the design of an Alternating Current (AC)
Chamber Device that is described in the materials and methods section in Chapter 2. Complete
neuronal cell culture media consisting of a 50:50 composition of DMEM/F12 containing the color pH
indicator phenol red (Invitrogen Corp., Grand Island, NY), 10.0% fetal bovine serum (Invitrogen Corp.),
and 1.0% penicillin-streptomycin (Invitrogen Corp.) was added to the chambers. Chambers were
incubated overnight at 37°C, 5% oxygen. The next morning, a 3 point calibration, using 4.0, 7.0, and 10.0
buffers, was completed on an Accumet Basic AB15 pH meter (Thermo Fisher Scientific, Waltham, MA).
Following calibration, the bulb was rinsed in a buffer solution and the pH of the neural culture media
was measured in three areas per dish. Specifically, the probe was placed in the top half, middle, and
bottom third of the dish, between the electrodes. 0.5 V, 1 V, 5 V, 120 mV 20 Hz, 120 mV 1 kHz, 500 mV 1
kHz, 750 mV 1 kHz, or 120 mV 10 kHz waveforms were applied to each dish. pH measurements of cell
culture media were taken prior to stimulation, 15 minutes into stimulation, directly after stimulation
and the following day. All measurements were taken inside the incubator at 37°C and 5% oxygen. The
sample size for each group was n = 3. All measurements were compared to a control group, without
stimulation.
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6.2.2 Joule Heating Modeling
Temperature modeling across the chamber was completed using the Joule Heating module in COMSOL
Multiphysics® (Burlington, MA), version 4.2, software. COMSOL Multiphysics® approximates partial
differential equations by finite element analysis methods. Briefly, the AC chambers were constructed
using the COMSOL geometry feature. Chamber materials were either selected from the COMSOL
Multiphysics® material library or created for the study. Materials utilized in the model included gold,
and cell culture media. The material properties were defined as follows: gold (σ = 4.5 *107 S/m; ρ = 9.0)
and SH-SY5Y neuron culture media (σ = 14.4 S/m; ρ = 78), where where σ = materials’ conductivity and ρ
is the materials’ relative permittivity (Eisuke Ishikawaa et al., 1997; Hyung-Kew L et al., 2005; Sun et al.,
2009a). Thermal properties were defined as follows: gold (Cp = 0.128 J/(kg *K) ; ρ = 19300 Kg/m3 ; k =
318 W/(m*K)) and SH-SY5Y neuron culture media, approximated to thermal properties that of saline,
(Cp = 0.94 J/(kg *K) ; ρ = 1024 Kg/m3 ; k = 0.6 W/(m*K)), where Cp is heat capacity at constant pressure,
ρ is density, and k is thermal conductivity. Initial temperature for the device was set at 37°C. The
geometry was meshed as a coarse free tetrahedral then solved for electric field direction and
temperature (°C).
6.2.3 Neural Cell Membrane Receptor Gene Expression
Electrical chambers were built according to the instructions for the design of an Alternating Current (AC)
Chamber Device that is described in the materials and methods section in Chapter 2. AC Chambers were
sterilized with 70% ethanol and UV then SH-SY5Y stem cells were seeded into the chambers at a density
of 5,000 cells/cm2. Neural differentiation media was made and added to the chambers as also described
in the material and methods section in Chapter 2. 120 mV 20 Hz, 120 mV 1 kHz, or a 500 mV 1 kHz
sinusoidal waveform was applied to the chambers.
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On day 3 and day 9, media was removed from the chambers. Chambers were washed with PBS then
neural differentiating SH-SY5Y stem cells were trypsinized, resuspended in cell culture media, and
centrifuged at 1250 rpm for 5 minutes. Following centrifugation, the supernatant was removed, cells
were lysed in 1 mL of trizol (Invitrogen Corp, Grand Island, NY) then stored at -80°C. mRNA was collected
using the Qiagen RNEasy Extraction kit (Qiagen, Valencia, CA). mRNA was converted to cDNA using the
PTC-100 Programmable Thermocontroller (MJ Research, Inc., Waltham, MA). cDNA was amplified with
the TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA) and the ABI Prism 7000
Sequence Detection System (Applied Biosystems). RT-PCR determined gene expression levels of a low
affinity binding neurotrophic receptor, p75NTR (Applied Biosystems, Carlsbad, CA Assay ID #:
Hs00609977_m1) and ion channel receptor NMDAR (Applied Biosystems, Carlsbad, CA Assay ID #:
Hs00370290_m1). TaqMan® gene expression assays were purchased through Applied Biosystems
(Carlsbad, CA). Relative gene expression was normalized to the housekeeping gene GAPDH (Assay ID #:
Hs99999905_m1) and calculated using the formula 2(Ct value

of GAPDH – Ct value of gene of interest)

as previously used

in our lab (Mauney et al., 2007) and recommended by the manufacturer (Perkin Elmer User Bulletin #2,
Applied Biosystems, Foster City, CA). The threshold cycle (Ct) was selected in the linear range of
fluorescence for all genes.
6.2.4 Statistical Analysis
pH measurements and gene expression levels were reported as the mean + 1 standard deviation.
Statistical significance for pH measurements were identified using one-way analysis of variance (ANOVA)
followed by Tukey’s test for multiple comparisons. Statistical significance was identified for gene
expression using an unpaired two-tailed t-test. A 95% confidence interval (p < 0.05) was set for all tests.
In addition to reporting average pH levels prior to, during, following, and the day after stimulation, the
percentage of pH change was calculated during, following stimulation, and the next day. The percent
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change in pH level was calculated as compared prior to stimulation. Parameters used were organized
linearly in a table format according to increasing magnitude and increasing. For easy viewing of results,
percent pH change was mapped using a color coded graph.
6.3 Results
6.3.1 Stimulation Effects on Media pH
15 minutes into stimulation, statistical differences (p < 0.05) in pH levels were measured in the neural
culture media exposed to 5V and 120 mV 20 Hz compared to the control group (Figure 6.3B, 6.3C).
After 45 minutes of electrical stimulation and into the following day, pH differences (p < 0.05) were seen
in the 0.5 V group compared to the controls (Figure 6.3B). The following day, pH differences (p < 0.05)
were quantified at 750 mV 1 kHz compared to the control group (Figure 6.3A).
In the 5V group, within 15 minutes into electrical stimulation and into the following day there were
observable color changes in the media, from the phenol red, between the anode and at the cathode
(image not shown). This is in agreement with our measurements of significant changes in pH levels and
significant differences in pH levels between nodes.
Between the 120 mV 20 Hz group and the control group there are statistical differences prior to
stimulation (Figure 6.3C). In order to take into account differences between starting pH level in each
group, the percent pH change, compared to the starting pH level prior to stimulation, was calculated.
Figure 6.4 summarizes all electrical parameters that were tried and their effects on the percent change
of media pH. Overall, it can be seen from Figure 6.4 that with increasing frequency and increasing
magnitude, there is a greater change in pH.
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Figure 6.3: Neural Cell Culture Media pH Measurements. Media pH levels were recorded prior to field
application, 15 minutes into field application, following application, and the next morning during (a) AC
Electrical Stimulation, (b) DC Electrical Stimulation, and (c) over a range of frequencies.
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Figure 6.4: A summary of the percent of pH changes in neural cell culture media (a) during field
application, (b) following field application, and (c) the next day. A positive percent change is an
indication of increasing, more basic, pH levels, a negative percent change is an indication of decreasing,
more acidic, pH levels. For a simple interpretation of results, the percent change in pH levels were
mapped to a color coded bar. The waveform applied was written in white on the map. The actual
percent change in pH levels was written on the map in parentheses below the waveform.
6.3.2 Effects from Joule Heating
The application of electric fields may increase temperature in culture medium in vitro or raise
temperature levels in the surrounding tissue in vivo (Polk et al., 1996). Figure 6.5 reveals the extent at
which cell media has been heated. As current increases in the chamber, chamber temperature
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increases. Cell exposed to 120 mV 1 kHz and 500 mV 1 kHz have temperature increases of 0.01° C, and
1.28° C, respectively.

Figure 6.5: Joule Heating Models during (a) no stimulation (b) 120 mV 1,000 Hz (c) 500 mV 1,000 Hz, and
(d) 5V 0 Hz. The red arrow is the direction of the electric field. Color bar is chamber temperature in
degrees Celsius.
6.3.3 Transcription Factors
Changes in p75NTR and NMDAR gene expression levels were reported during nine day of electrical
stimulation. Changes in NMDAR expression was down regulated over nine days compared to controls
(Figure 6.6A). Levels of p75NTR remained unchanged over nine days compared to the unstimulated
group (Figure 6.6B).
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Figure 6.6: Gene Expression Results During Bioelectrical Stimulation Treatments (a) NMDAR (b) p75NTR.
Statistical differences (p < 0.05) between groups are marked by an asterisk and bracket.
6.4 Discussion
6.4.1 pH Effects
The extent of pH change - Stimulation parameters for pH measurements were chosen based on what
has been used for our studies, what has been known as the physiologically relevant ranges, and two
extreme cases for reference. The two extreme cases included a control case of 0V, meaning reactions
would not be present, and a higher voltage of 5V, a parameter known to induce changes in pH levels in
our device. While we understand that even slight pH changes are present in all electrical stimulation
studies, prior to this study it was not clear as to what extent the levels were changing. It was found that
the amount of pH change was between 1% and 2% at the parameters, 120mV 20 Hz, 120 mV 1 kHz, and
500 mV 1 kHz (Figure 6.4). These parameters were used in all electronic studies (i.e., bioelectrical, e-film,
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and e-fiber studies). It has been reported that neural media pH of 7.3 is optimal for longest neural cell
culture (Potter et al., 2001).
Many of the pH levels that were recorded during and after stimulation were in the physiologically viable
range (Figure 6.3A-C). However, it can be observed from Figure 6.4 that with increasing frequency and
increasing magnitude, there was a greater change in pH. Large standard deviation bars in the 5V group
(Figure 6.3B) are most likely due to probe placement within the chamber. Specifically, in the 5 V group,
media at the anode of our electrical device measured large decreases in pH, meaning a high
concentration of hydrogen ion production, while pH levels close to the cathode had increased pH levels.
A description of reactions at the electrode-electrolyte interface between platinum electrodes and cell
culture media is as follows (Chu et al., 2004; Huang et al., 2001):
ܲ ݐ+ ܪଶ 0 ↔ ܲ ܱݐ+ 2 ܪା + 2݁ ି ; (1)
ܲ ݐ+ ܪଶ 0 + ݁ ି ↔ ܲ ݐ−  ܪ+ ܱ( ; ି ܪ2)
2ܪଶ 0 + 2݁ ି → ܪଶ ሺ݃ሻ ↑ + 2ܱ( ;ܪ3)
2ܪଶ 0 → ܱଶ ሺ݃ሻ ↑ + 4 ܪା + 4݁ ି ; (4)
Reaction (1) describes hydrogen ion formation at the anode while reaction (2) describes hydroxyl ion
formation at the cathode. To avoid byproduct accumulation, neural prosthesthes typically use charged
balanced biphasic pulses (Huang et al., 2001). Reaction (3) is hydrogen generation at the electrodeelectrolyte interface (Huang et al., 2001). Reaction (4) is oxygen generation at the electrode-electrolyte
interface (Huang et al., 2001).
Overall, in the literature, minimal work has been completed in understanding the effects of pH from
electrical stimulation on cell viability, growth and differentiation (Huang et al., 2001). One paper
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discussed that pH changes are dependent on stimulus duration (Chu et al., 2004). It was also reported
larger pH changes in pulses that are monophasic compared to biphasic pulses (Chu et al., 2004).
In addition to changes in hydrogen ion concentration, Faradaic reactions also alter oxygen levels.
Increases in oxygen during peripheral nerve stimulation, may increase cell proliferation (Wang et al.,
2007) or aid in neurovascularization (Rutkowski et al., 2002).
Elimination of pH effects - Large changes in pH may be an indication of cytotoxic non-reversible faradaic
reactions. For eliminating electrolysis byproducts from coming into contact with the cells, or for teasing
out the contribution of pH changes on cells during mechanism studies, a salt bridge may be used (Figure
6.7). Salt bridges are electrochemical cells that work like batteries transferring electric current to ionic
current through agar bridges via a set of oxidation-reduction ‘redox’ reactions. Salt bridges have been
utilized in many electrical stimulation studies for eliminating unwanted byproducts (Tandon et al.,
2009a). Protocols for salt bridge fabrication, including silver/silver chloride and copper zinc sulfate
designs, have been explained in the literature (Greatbatch, 1981; Hronik-Tupaj et al., 2011a; Tandon et
al., 2009b).
Other possibilities of electric field interactions with cells include a cascade of events in which changes in
pH levels alter extracellular ion concentrations which alter membrane potential and receptor activation.
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Figure 6.7: In Vitro Direct Current Stimulation Device (a) An example of a direct current chamber design
using a salt bridge setup. Materials for this design include a power supply, silver/silver chloride
electrodes, agar bridges, and an imaging compatible cell culture chamber. (b) Electric current transfers
to ionic current via the silver/silver chloride electrodes and agar bridges in PBS. Silver/silver-chloride
electrodes were used in this salt bridge design because they are nonpolarizable electrodes.
Nonpolarizable electrodes allow for charge transfer between the electrode-electrolyte interface. This
allows for a larger ionic current density in the media and a large current strength reaching the cells.This
image displays the cell culture dish with agar bridges and silver chloride electrodes in 50 mL conical
tubes containing phosphate buffered saline (PBS). (c) An imaging compatible chamber containing a 150
micron thick coverslip bottom. The cover slip bottom is used for imaging following electric field
application. (d) The distribution of the applied voltage through the chamber. Quantitative values are not
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shown as the applied voltage is user dependent. (e) The field direction and distribution throughout the
DC chamber as noted by the red arrows. Field direction and strength is constant throughout the
chamber as noted by arrow direction, arrow size, and color. Electric field distributions and strengths are
calculated through finite element analysis software, such as COMSOL Multiphysics®. Ionic current
supplied over the cells in is the mA range (Jennings et al., 2008). (Figure and caption from (Hronik-Tupaj
et al., 2011a)).

6.4.2 Membrane Potential
Electric fields alter ionic currents and ion distributions in the extracellular space, thus altering
membrane potential (McLeod, 1992)(Figure 6.1D). During electric field exposure, cell membrane
potential is changed (Gross et al., 1986b). In non-excitable cells, cell membranes proximal to the anode
are hyperpolarized while the cell membrane nearest to the cathode depolarizes (gross et al., 1986a;
Sauer et al., 1999). In direct current fields, this polarization is constant and may be responsible for cell
orientation and migration. In AC fields, this membrane depolarization and hyperpolarization is changing.
During electric field treatments, the density and distribution of voltage-gated or ligand-gated ion
channels and receptors may reorganize (Jahns et al., 2007). Changes in ion channels, gap junctions,
ligand binding, and membrane protein density may affect signaling cascades altering downstream
processes (Jahns et al., 2007; Tandon et al., 2009b).
6.4.3 Signaling Pathways
Electric Field Receptor Activation - Possible neural receptors activated by electrical stimulation include
NMDAR, the TrkA receptor, the TrkB receptor, the p75NTR receptor, the calcium channel, and the two
pore domain potassium channel (Huang et al., 2010; Mathie et al., 2003; Mehta et al., 2011; Saygili et
al., 2010; Wan et al., 2010a)(Figure 6.8). In this research, we examined the p75NTR and the NMDAR
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receptors as both have been hypothesized to play a role in electric field activated regeneration
pathways and both receptors are present in SH-SY5Y neurons (Costantini et al., 2006; Huang et al., 2010;
Mehta et al., 2011; Singh et al., 2005). NMDAR is activated by glutamate and changes in voltage
membrane potential, while the p75NTR channel is activated by neurotrophic factors, such as NGF and
BDNF. p75NTR receptors and NMDAR receptors are known to activate the MAPK pathway. While we
have seen changes in gene expression levels of these receptors, it cannot be said for certain if and how
they play a role in regeneration. Further studies will need to incorporate protein expression assays and
examine proteins further downstream.
Channel Activation In Vivo – In vivo, other cells may play the role as mediators for peripheral nerve
regeneration in the presence of electric fields. For example, Schwann cells and fibroblasts may be
involved in releasing factors, such as endogenous NGF and endogenous BDNF, that activate these
receptors and signaling pathways (Huang et al., 2010). Finally, electrical stimulation could increase blood
supply to that area (Zanakis, 1990).
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Figure 6.8: Peripheral Nerve Regeneration Pathways Activated through Electrical Stimulation. Pathways
that are activated through the p75NTR and the NMDA receptors are marked in red. Additional
regenerative pathways by electrical stimulation are marked in blue (Huang et al., 2010; Li et al., 2008a;
Mathie et al., 2003; Mehta et al., 2011; Saygili et al., 2010; Wan et al., 2010a) (Image by Marie Tupaj,
Unpublished, 2011).
6.4.4 Joule Heating
The Temperature Window for Neuron Survival - While neurons, like other cells and tissues, are
commonly incubated at 37°C at 5% CO2, neurons have a temperature window for cell survival. For
example, it has been reported that neurons may survive at room temperature (20-25°C) for 4 days
(Magee et al., 1991) and up to 49°C for 10 minutes. After 10 minutes at 60°C neurons were killed (Nagy
et al., 1999). In our modeling studies we showed that even moderate levels of electrical stimulation
injected low amounts of heat into the cell culture system (Figure 6.5B,C). These increases were within a
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viable range for cells. While these temperature increases may be within the calibrated temperature
range of the incubator, they are temperature increases above the unstimulated cells.
Heat Shock Proteins - Small cellular temperature increases may alter or upregulate transcription factors
such as heat shock proteins. Heat shock proteins are small proteins, on the order of 20 - 90 kDa in size,
and are involved in protein assembly, folding, repair, and degradation (Goodman et al., 2002). When
exposed to higher temperatures or stress they respond through increased gene and protein expression.
They are known as stress response markers.
It has been reported that these stress response markers have increased in some cells undergoing
differentiation during electric field exposure (Goodman et al., 2002; Hronik-Tupaj et al., 2011b). For
example, one article stated that during electric field exposure small increases in heat may upregulate
stress factors such as heat shock factor 1 (HSF-1). HSF-1 then mediates increases in heat shock protein
70 (Hsp 70) and increases in MAPK/ERK1/2 phosphorylation in cells (Goodman et al., 2002). Hsp 70 may
be a marker for levels of electric field exposure in humans. In another article, it was reported that
electric fields may also upregulate stress factors in differentiating bone cells. In these studies, heat shock
protein 27 (Hsp 27) was upregulated following response to a 20 mV/cm 60 kHz field (Hronik-Tupaj et al.,
2011b).
Heat Shock Proteins in Neuron Regeneration - Phosphorylated and non-phosphorylated Hsp27 has been
reported to colocalize with actin and tubulin during DRG growth (Williams et al., 2005). It is also known
that heat shock protein 27 increases functional recovery following peripheral nerve injury (Ma et al.,
2011). Further down the road it will be helpful to tease out the effects for heat versus electric field
studies through exposing cells to the temperature ranges identified in the Joule heating models then
comparing their response (i.e., differentiation, proliferation, outgrowth) with the electric field studies.
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For confirming how joule heating affects the cell, tracing heat response proteins are a promising avenue.

Future in vitro experiments will look at expression levels of common heat shock proteins such as Hsp 27
and Hsp 70 during neuron electrical stimulation as activation from heat produced by electric fields;
These studies are currently underway over the next few weeks.
Effects from Decreasing Temperature - While increases in heat may upregulate certain transcription
factors, decreases in temperature may inhibit action potentials of neurons in culture through the
inhibition of the sodium, potassium ATPase activity. This is important when taking extracellular
recordings for assessing neuron functionality.
6.4.5 Force
It is not clear if some cells detect electric field activity at the membrane bilayer or if electromagnetic
fields are able to penetrate through the membrane walls directly activating electrons in DNA cells
(Goodman et al., 2002). It has also been stated that electric fields exert an electric force on the cells’
membrane (panagopoulos et al., 2002). Force fields may be an explanation for physical contraction in
myoblastic cell types or in changes in morphology such as in chondrocytes or fibroblasts.

6.5 Conclusions
In summary, cellular mechanisms remain to be elucidated. Identifying the underlying mechanisms
correlating how cells interact with electric fields remains difficult (Aaron et al., 2004a). For example,
interactions that initiate cellular responses may vary according to the applied neural tissue. Also,
frequency, electric field strength, or exposure time may influence different mechanisms for altering cell
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fate (Polk et al., 1996). Finally, electric fields may be initiating more than one factor, such as heat &
receptor expression, and activating different signaling cascades, may yield a different cellular response.
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Chapter 7: FUTURE DIRECTIONS
7.1 Introduction
In this project we demonstrated the potential of Bombyx Mori silk fibroin for applications in neural
regeneration, we identified the potential of electrical stimulation on the rate and the extent of axon
outgrowth, we identified the effect of different silk surface topographies on axon alignment, and we
developed methods for incorporating these strategies into silk films and multi-layer silk tubes. There are
several silk nerve guide directions and several future directions of electronic-silk systems, some of which
are expanded upon in the following sections. These directions include implanting electronic patterned
silk tubes in vivo following axotomy, designing and fabricating a tissue engineered neurovascular supply
for regenerating blood vessels alongside peripheral nerves, and finally the development of a neural
network in vitro.

7.2 Nerve Guide In Vivo Studies
7.2.1 Animal Models
The end goal of the peripheral nerve guide project would be a FDA approved product that performs
better than the autograft for repairing gaps greater than 3 cm in humans. Prior to FDA approval and
clinical use, small and large animal studies will need to be completed. Many peripheral nerve studies
employ the rat sciatic nerve model as the small animal model (Table 1.3 – 1.5). Rats are an easier
surgical model to work with, compared to the mouse model, due to their larger nerves. The sciatic nerve
is typically used for in vivo nerve repair studies as it is the main nerve in the peripheral system. Other
animal models that have been recently reported for assessing peripheral nerve repair include dogs (Ding
et al., 2010) and sheep (Forden et al., 2011; Jeans et al., 2007).
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As it takes approximately 2 weeks for severed axons to grow into the conduit and approximately 4
weeks to traverse a 1 cm gap in the rat sciatic nerve (De Boer et al., 2010), an ideal length of time for
small animal studies that repair a 1.5 mm nerve defect would be 6 weeks. A 1.5 mm defect is used in
small animal studies as it represents a 3 cm critically sized defect in humans.
Following 6 week short term animal studies, long term animal studies need to be completed. Long term
studies would be valuable for following up on the extent of functional repair after regeneration.
Moreover, long-term animal studies could examine the repair of longer defects, such as 4 - 5 mm and
greater. Long term studies could be completed initially in small animals, such as rabbits (Azhar et al.,
2004; Hill et al., 2011; McCallister et al., 2005; Sharula et al., 2010), then move to much larger animals
such as non-human primates (Irintchev et al., 2011; Schmidhammer et al., 2007). For in vivo studies that
utilize electronic nerve sieves, it is known that between 2-6 months of treatment is needed for the best
regeneration results (Lago et al., 2005; Ramachandran et al., 2006; Wallman et al., 2001). It is uncertain
if greater than 6 months of implantation and testing will damage surrounding healthy tissue.
7.2.2 Wireless E-Guides
When using electronic nerve guides for in vivo studies, integrating wireless capabilities into the guides
would allow for animal mobility and safety. This would also be optimal for future clinical translation. An
example of a wireless device for neural stimulation is one that has been designed for small animals and
tested in zebra finches (Arfin, 2006; Arfin et al., 2009). This device consisted of an external transmitter,
computer interface, a small receiver, and a small stimulator (Arfin, 2006; Arfin et al., 2009). The wireless
device size is miniature, approximately 1.5 cm2, and has low power consumption, approximately 50 μW
in awake mode (Arfin, 2006; Arfin et al., 2009). The device delivers between 10 μA to 1 mA current
(Arfin, 2006; Arfin et al., 2009), a range that has been reported for effective regenerative outcomes
(Hronik-Tupaj et al., 2011a). Some wireless systems have already been developed for providing
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untethered solutions in vivo and are currently manufactured by companies such as Ripple® (Salt Lake
City, UT) and Plexon, Inc (Dallas, TX). As many of these systems are extremely expensive, on the order of
tens of thousands, lost cost devices would need to be developed (Shirvalkar et al., 2010).
7.2.3 Electrode Designs and Functionality Testing
Nerve guides that incorporate electrodes for stimulating nerve cells also have the capability of
monitoring functionality. Functionality can be monitored by detecting action potentials due to changes
in either the cells’ intracellular and extracellular membrane potential. Extracellular measurements of
action potentials can be taken without damaging the nerve. Extracellular measurements record the
difference between voltage on the extracellular side of the cell membrane and ground. Since
extracellular signals are on the order of millivolts to microvolts (Henze et al., 2000), an extremely
important component of neural detection systems is an amplifier. Systems that utilize bandpass filters
to maximize signal to noise ratios are also helpful (Lago et al., 2005).
If functionality testing is incorporated, the current electrode design would need modification.
Specifically, electrode size would need optimization. Electrode size needs to be small enough for
maximizing signal to noise ratio, while still large enough to have a low enough impedance that allows for
signal acquisition. For example, an electrode having 1250 um2 surface area has impedance of 0.3 to 0.8
MΩ, while an electrode having 177 um2 surface area has impedance between a 1.8 – 2.5 – 1.5 MΩ
impedance (Kipke, 2010). For decreasing electrode impedance while increasing surface area for
stimulation, detection, and tissue integration, 3D porous electrodes may be designed. With the
information received from functionality testing, the user may even adjust the stimulation treatments
(i.e. amplitude, current, time).
Over time, changes at the electrode-tissue interface, such as tissue composition and electrode health,
may need examining. Electrode impedance spectroscopy (EIS) measurements would be a valuable tool
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for electrode characterization following implantation and over the long term (Johnson et al., 2005;
Lempka et al., 2009). Impedance measurements would require acquiring a potentiostat and frequency
response analyzer (Lempka et al., 2009).
Since the silk nerve guide degrades over the long term in vivo, the fate of the current non-degradable
electrode would need to be considered. Design changes may include modifying the electrode shape
from a tube to a cuff for easier removal, or changes in conducting material towards something
degradable. Immune response of these material and device components would also need examination.

7.3 Development of a Tissue Engineered Neurovascular System
Blood vessels interface with the peripheral nervous system as they lie longitudinally within the
epineurium and send branches across the perineurium to create a capillary network in the endonerium
(Campbell, 2008; Mackinnon et al., 1988). It is known that vascular cells, which lie within the blood
vessels, may aid in nerve regeneration by secreting neurotrophic factors such as BDNF and artemin
(ARTN), a member of GDNF family, for encouraging axon outgrowth and axon alignment along the vessel
(Lopatina et al., 2011). For the repair of limb and digits, and for the repair of more severe nerve
axonotomies, a vascular supply, in addition to a copious nerve supply, may be necessary (Thornton,
1970b; Whimister, 1978b).
7.3.1 Multi-Channel Conduits
Since small diameter silk blood vessels have already been designed and characterized in our lab (Lovett
et al., 2007; Lovett et al., 2010), these blood vessels could easily be interfaced with our silk nerve guides
as a next step towards functional nerve repair and limb and digit salvage. As one design approach, nerve
guides and blood vessels may be built separately then interfaced using extracellular matrix components
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or extracellular matrix like components, including collagen and gelatin. As another design approach,
nerve and blood vessels may be molded as one unit using standard soft lithography techniques, as
previously reported (Tansey et al., 2011; Yao et al., 2010a). More specifically, this neurovascular conduit
may be created in the form of a multi-channel guide, with each channel submillimeter in diameter. The
small diameter of each channel may help increase nerve guidance. In addition, the conduit designs
mimic the structure of the native sciatic nerve and blood vessels.
To date, the literature reporting on the fabrication of neurovascular conduits is extremely limited. Thus,
this would be an extremely new and exciting research area. Following neurovascular conduit fabrication,
characterization of neurovascular conduits is needed. Nerve conduits have been commonly
characterized by their porosity, degradation, and mechanical properties; Blood vessels have been
characterized according to thrombotic potential, porosity, nutrient and oxygen diffusion, and
mechanical properties such as burst pressure and degradation. Thus, neurovascular conduits would
need to be characterized according to design needs of both nerve conduits and blood vessels. Conduit
properties would need to replicate properties of the native tissue. For mechanical characteristics, the
Young’s modulus in the longitudinal direction for peripheral nerves is approximately 8.5 - 40 MPa
(Bueno et al., 2008). Blood pressure of capillaries is around 15–40 mmHg (Williams et al., 1988). Nerve
guides would need to be at least 80% porous as porosity is important for nutrient diffusion, oxygen
diffusion and ultimately nerve regeneration (Belkas et al., 2004). Cellular response in regards to
Schwann cell attachment, proliferation, and migration, and endothelial cell attachment, and thrombosis
would need assessment. Degradation profiles would vary depending on the injury need.
7.3.2 Neurovascular Supply Functionalization
Like the nerve guide designs, neurovascular channels would also need to be functionalized. For
promoting tissue regeneration and integration, vascular agents, could be incorporated into the blood
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vessel channels, while neurotrophic agents could be incorporated into the guidance channels.
Neurotrophic factors that have been used for peripheral nerve repair are listed in Table 1.3 and the type
of neuron fibers that they regenerate are summarized in Table 7.1. Blood vessel channels may be
prevascularized for an antithrombotic effect. Nerve guide channels may be seeded with Schwann cells
for increasing conduction velocities. Finally, additional applications of neurovascular channels include
models for understanding carpel tunnel syndrome or diabetic neuropathy.
Table 7.1: Neurotrophic factors for peripheral nerve repair

Growth
Factor(s)
NGF

Regenerative Capabilities

References

Sensory

(Wang et al., 2010a; Xu et al.,
2011)

GDNF

Sensory; Motor

(Kokai et al., 2011; Moore et al.,
2010; Wood et al., 2009)

BDNF
HGF

Motor
Motor, sensory, parasympathetic

(Boyd et al., 2002)
(Li et al., 2008b)

7.4 Development of a Neural Network In Vitro
A neural network, specifically those which are biological in nature, refers to a group of neurons from the
central or peripheral nervous system that is interconnected to complete a specific task or function.
Creating neural networks in vitro may be useful for studying signaling diseases of the central nervous
system, such as epilepsy, and Parkinson’s, or understanding the nerve material interface for applications
such as improving neural attachment to prosthetic devices.
7.4.1 Chemical Guidance Cues
In the developing nervous system, chemical and geometrical cues are used for guiding the wiring of
neural networks (Staii et al., 2011). For attaching and guiding nerve cells on substrates, much research
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has been done on utilizing biochemical factors, such as poly lysine (-d,-l), laminin, and RGD peptide
(Ananthanarayanan et al., 2010; Azemi et al., 2010; Davis et al., 2002; Gobbels et al., 2010; Green et al.,
2009; Haile et al., 2008; Hiraoka et al., 2009; Ignatius et al., 1998; Kafi et al., 2010; Nojehdehian et al.,
2010; Ruiz et al., 1999; Stauffer et al., 2006; Thanawala et al., 2007; Yamada et al., 2010). It is known
that poly lysine may be a valuable option for nerve attachment to substrates, while laminin has proven
valuable for axon outgrowth (Banker et al., 1998).
These adhesion peptides and proteins may be deposited onto biomaterial surfaces via surface
adsorption, biomaterial blends, electrostatic attachment, and covalent attachment. As a new option for
adhesive proteins, there is a set of proteins called neural cell adhesion molecules (NCAM). NCAMs are a
transmembrane glycoprotein containing extracellular and intracelluar transmembrane domains
consisting of several N-terminal Ig-like domains linked to fibronectin-like or other domains, which are
expressed on neuron and glial cell surfaces (Kunz et al., 2002). Functions of NCAMs include neurite
outgrowth, development, cell-cell adhesion, growth cone guidance, axonal pathfinding.
Utilizing NCAM for coupling to silk fibroin will allow for neuron attachment, while having
biocompatibility, and full degradability. Since neural cell adhesion sites may be 5 – 200 nm, high
resolution patterning on the nanometer scale may be useful (Staii et al., 2011). Since criteria for the
development of a neural network includes the deposition of both cytophilic and cytophobic cues for
controlling neuron growth on surfaces (Staii et al., 2011), both adhesion proteins and cytophobic
proteins could be utilized. While studies have been completed examining short term attachment, up to
14 days, to neural surfaces, there have been few studies examining long term attachment
(Ananthanarayanan et al., 2010; Azemi et al., 2010; Davis et al., 2002; Gobbels et al., 2010; Green et al.,
2009; Haile et al., 2008; Hiraoka et al., 2009; Ignatius et al., 1998; Kafi et al., 2010; Nojehdehian et al.,
2010; Ruiz et al., 1999; Stauffer et al., 2006; Thanawala et al., 2007; Yamada et al., 2010). The use of
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peptide and proteins, such as neural cell adhesion molecules, may be the first step towards neuron
attachment and guidance for creating neural networks.
7.4.2 Neural Network Assessment Tools
Confocal, multiphoton, and second harmonic generation imaging systems are useful for assessing
cellular characteristics such as morphology, growth, metabolic activity, and functionality for neural
tissue engineering projects. These characteristics may be acquired via exogenous or endogenous
fluorescence. For example, fluorescence resonance energy transfer (FRET) voltage dyes and confocal
microscopy may be used to study and quantify neuron membrane potential for understanding neuronal
network functionality. Endogenous two-photon excited fluorescence (TPEF) imaging may be used to
detect cellular fluorophores such as FAD and NADH in the cells’ mitochondria for quantifying metabolic
activity (Rice et al., 2010). Serotonin may also be detected endogenously using a three-photon system
(Maiti et al., 1997). Microtubules located in neuron axons may be identified using second harmonic
generation systems and used for examining axon outgrowth.
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