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Abstract:
Within the body, the interactions between neurons and their surroundings control the growth
and development of the neurons. Many diseases are caused when the interactions between multiple
neurons, or a neuron and the extracellular matrix is not working correctly. Being able to control and
examine these interactions in detail could lead to a better understanding of many neural diseases. Also,
we can use the knowledge of cues given by the body to manipulate neuron growth. This could be used
to guide neural growth and have optimal connections between neurons and a prosthetic limb for better
control and feedback responses. We have taken two different approaches to controlling neural growth:
chemical and physical cues. In the chemical cues, we attempted to selectively plated laminin using a
PDMS stamp in a grid pattern. While we were unable to achieve laminin transfer, we managed to
create a PDMS stamp in the desired pattern. We also looked at physical cues such as electric and
magnetic fields and grooved silk films. The strength of the fields and stimulation time were varied to
find the optimal response. A combination of electric and magnetic fields was also tested for alignment.
We achieved alignment at some stimulation parameters, however we did not see any trends associated
with longer stimulation time or higher field strengths. Neuron interaction with silk films depended on
the relationship of the groove size to the size of the neural cell bodies, with the neurons either sitting in
the larger grooves or on top of the smaller grooves. Overall, we managed to create a stamp that could
be used for further cell patterning and controlled neural growth through physical cues.
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Introduction:
There are many applications for a neural circuit. A neural circuit could be used in the
integration of prosthetic devices. Neural circuits have also been used for complex computations, such
as controlling a flight simulator (University Of Florida, 2004). A working neural circuit could be a
helpful model in investigating nervous diseases such as Alzheimer’s, and epilepsy as well as
understanding how the brain repairs itself following a traumatic brain injury. Epilepsy and seizures
affect almost 3 million Americans of all ages, at an annual cost of 15.5 billion dollars(epilepsy
foundation). 5.3 million people in the U.S are living with Alzheimer’s costing over 148 billion dollars
in annual costs (Alzheimer’s association).

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. The current treatment of care is prosthetic
devices. Most prosthetics are limited to 3 degrees of freedom of movement, which is significantly less
than the body's 28 degrees of freedom. A functional neural circuit could increase the efficacy of the
connection and improve usability of prosthetic devices. This would be achieved by helping to guide
the neurons, make the proper connections, and increase the strength of the connection between the
neurons and the prosthetic device.

The long-term goal of this project is to have a working network of neurons that we are able
reliably stimulation and measure. These methods could then be applied for use in prosthetic devices.
The significance of this project is that directing axon outgrowth could improve the quality of life for
those with prosthetics while aiding in understanding neurological diseases.
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Background:
The field of neuroscience is a
rapidly growing field. The ability to
control neuron growth would be helpful
for both prosthetics and understanding
diseases.
Limb Amputation

Figure 1: Satisfaction with prosthetic devices, as
reported in Pezzin et. al, 2004

Every year, about 158,000
patients undergo a limb amputation, costing approximately $4 billion annually (Pezzin et. Al, 2004).
While some patients are satisfied with their prosthetics, there is a lot improvement that can be made
(Illustration 1). One area of complaint is the amount of time for the prosthetic device to be fully
functional. More refined control over the growth of neurons can lead to a decrease in the time for full
functioning.
Effectiveness of prosthetic limbs can also be increased if the user experiences tactile responses
when they use the prosthetic. In order for the brain to receive signals, the neurons must be stimulated
by electrodes. One such method is to implant a set of electrodes into the stump of the nerve bundle,
which can then be stimulated (Dhillon and Horch, 2005). In this study the patients were able to feel
different intensities of tactile stimulation and respond appropriately. This pilot study summarized that
the hardware of the interface needed to be improved.
Central Nervous System Diseases
There are many neural diseases that are still not completely understood, such as Parkinson's
Disease or Alzheimer's. In addition, little is known about how neuronal networks develop, and how
8

memories are formed. Many of these would benefit from an in vitro neuronal model. These models
can be complicated by the fact that is the often the synapses that degrade and lose function. For some
of these, it would be beneficial to control the location of the synapses between cells, in order to be able
to focus on them in more detail, and be able to map all of the connections between the cells. These
systems would also be more reproducible and easier to compare than a network of randomly connected
cells. In models where electrical signals need to be recorded, the neurons can be patterned over a
microelectrode array (MEA) so the neuron cell bodies align with the electrodes (Jungblut et. al, 2009).

Cell culture
SH-SY5Y is a commonly used neuronal model isolated from a neuroblastoma. These cells are
in a neural progenitor state until exposed to the appropriate growth conditions. Depending on the
growth conditions, they can either be noradrenergic or cholinergic neurons. This cell line is frequently
used as a model for neurological diseases such as Parkinson's disease, Alzheimer's disease, and
amyotrophic lateral sclerosis (Gilany et. al, 2008). There conditions are exasperated by oxidative
stress, which SH-SY5Y are also sensitive to.
Another neuronal cell line is the p19 line, which is derived from a mouse cancer line. The
undifferentiated cells express many of the same cell markers as embryonic cells. These cells also
proliferate rapidly, doubly approximately every 16 hours. P19 cells have been genetically manipulated
in numerous experiments, making them a good model for diseases (MacPherson and McBurney, 1995).
Approaches
There are two major approaches to directing and controlling neuron growth: proteins and
physical clues. Many experiments have used laminin to direct neural growth. These experiments have
the same basic theme of plating laminin on a surface that is not conducive to cell attachment. Since
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neurons will readily attach to laminin, there is very selective growth and attachment.

Proteins
In development, growing neurons have a range of topographical clues that they must navigate;
other neurons, schwann cells, astrocytes, and extracellular matrix. This can be classified as “contact
cue guidance.” The most basic patterns are patterned lines with widths from 10's of nms to 100's of
μms. Cell response to the lines depends on the depth, width, and spacing of the grooves. Thinner
groves will have some neurons bridge between two separate grooves (Goldner et. Al, 2005). A study
was also performed looking at a wave pattern of grooves where the amplitude of the wave was 10 fold
less than the wavelength. The longer wavelengths were correlated with more alignment (Jiang et. al,
2002). A slightly more complicated pattern is a series of posts spaced evenly apart. The cell bodies sit
on top of the posts, and the axons and dendrites grow in the spaces, with the frequency of turning
modulated by the spacing between the posts (Dowell-Mesfin et. al, 2004).
Biophysical Cues
Electrical stimulation has been implicated in cellular
regeneration for a long time. In a peripheral nervous system
injury, the gap between the proximal and distal ends of the
neuron branch must be reconnected. The ends of the nerve can
be reconnected surgically, but the neurons to reconnect
optimally. The application of an A/C electric field for an hour
Figure 2: Number of branches
appearing after 24 hours (Withers,
2006).

increased the number of axons regenerated when compared to
no electrical stimulation or 3 hours of stimulation (Geremia et.

al, 2007).
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Magnetic fields are also capable of aligning cells. Schwann cells, a cell type located in the
peripheral nervous system, can be aligned in a magnetic field (Eguchi et al., 2003). Neurites extend
perpendicular to magnetic fields (Kim et al., 2008).
Atomic force microscopy(AFM) has been utilized to position neurons on a gold surface (Staii,
2009). In these studies, a gold surface was covered with poly (ethylene) glycol (PEG), which resists
cell and protein attachment. The PEG was shaved away using AFM
nanoshaving, which is a form of photolithography. In the places
that PEG was shaved off, laminin or poly-d-lysine (PDL) could
attach to the gold surface, which proved a good substrate for neuron
attachment (Illustration 1).
The most common form of protein guided cell attachment is
through photolithography. Most of these techniques include first
covering the surface with a PEO like surface, which is unfriendly to
cell attachment. A mask is placed over the surface, and exposed to
light, which will then allow laminin to be placed in selective
patterns.
Another method of patterning proteins for cell attachment is
to use microcontact printing(μCP). This technique uses a “rubber
stamp” to place molecules in a particular pattern (Figure 2). The
stamp for this method can be created in a number of ways (Kane,
1999). One method of creating a stamp is to use photolithography
to create a master plate (Hwang, 2008). Another method of creating
Figure 3: Schematic of method
the master plate is to use a laser to etch a glass plate in the desired used in Oliva, 2003.
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pattern. With the mask, PDMS is
cast on master plate, which will
create the PDMS stamp.
multiple stamps, all of which can

Table 1: Various protocol of stamping laminin

be used for multiple applications.
This allows for standardization between experiments. In addition, this method can be significantly less
time consuming than photolithography.
The stamping method can vary greatly between studies. There are three variables that can be
controlled. The non-adhesive biomaterial, the cell selective material, and the pattern of stamping.
Even within those variables, protocols can vary widely (table 1). The generalized protocol is that the
stamp is “inked” in a protein solution for anywhere from 30 seconds to 30 minutes, and then let dry.
The stamp is then inverted onto the substrate either under the weight of the stamp or additional weight
is applied. The PDMS is carefully removed and the protein is left on the substrate.

The pattern of substrate deposition can have an
effect on the neural growth (Withers, 2006). This
paper looked at the effect of line width, node size, and
angle between lines. The pattern consisted of lines
Figure 4: Neuron growth in an L pattern as
either 2μm or 5 μm wide, connected by circular nodes shown in Staii, 2009. A.) Neurons immobilized
on PDL. B.) Neurons immoblized on laminin.
15 μm wide. Some patterns did not have nodes, which (Staii et al., 2009).
increased the probability of branching at the intersections of the lines. At nodeless intersections, the
neurons paused for a shorter amount of time before continuing to grow. When comparing the different
line width, on the 5μm lines, the cell bodies would attach to the lines instead of only attaching on the
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nodes more often. The preferred angle for cell branching is 45 degrees, when compared to branching
angles of 90 and 145 degrees. A common pattern is a grid, where a larger box is located at the
intersections of the grid. The cell bodies sit on the large squares, and the grid will guide the direction of
the axons (Ruiz et. al, 2008).
Selective neuron growth requires a non-adhesive surface which can be patterned with a protein
which encourages neuron attachment. A common base surface is poly(ethylene) glycol (PEG) or
poly(ethylene) oxide (PEO) films. Both of these materials are hydrophobic, which decreases cellular
attachment. Silk films conjugate with PEG also have decreased cellular attachment when compared to
silk films (Gotoh et al, 1997).
The two most common proteins for cellular attachment are laminin and poly-d-lysine/poly-llysin Laminin is a common extracellular matrix component in the nervous system.

Neurons that

are cultured on neurons develop axons faster when compared to those grown on fibronectin (Kuhn et
al., 1997). Poly-l-lysine is used for all different types of cell attachment, and it readily attaches to
various solid surfaces (Ruiz et al., 2008).
Silk has been used as a biomaterial for nerve regeneration(Li et al 2006). Initial studies testing
the feasibility of using silk scaffolds by looking at qualities like mechanical strength or degradation
time found that it could be used for nerve regeneration(Yang, Ding et al 2007) (Yang, Chen et al 2007)
(Uebersax et al 2007) .
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Hypothesis:
Through utilizing physical and chemical strategies, we hypothesized that we could reproduce
neuronal cues received during development that control axon guidance and outgrowth in vitro.
Specifically, developmental guideposts would include utilizing low frequency AC electricfields, and
low strength magnetic fields, micrometer physical grooves, and extracellular matrix proteins such as
laminin.

Having this information and control over neural development would allow future

experiments to be more representative of in vivo models.
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Specific Aims:
Specific Aim 1: Direct neuron growth in a controlled pattern. Our goal includes controlling how
neurons attach to the substrate thus guiding axon outgrowth. Strategies include protein concentrations
specifically laminin concentration and laminin deposition on patterned silk film. The outcome of this
aim will be a pattern that will be both easily reproducible, aligns neuron axons into synaptic
connections, and is able to be altered to fit various models.

Specific Aim 2: Align neuron growth using physical and electromagnetic clues. We hypothesize
that by growing neurons on a grooved surface and applying an electromagnetic field the neurons will
grow along the patterned surface . Strategies include low level AC fields, low strength magnetic fields,
and micrometer scale grooved patterns. The outcome of this aim is that we will be able to control the
direction of growth of neurons.
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Materials and Methods:

Laser Etching
Glass slides are prepared by wiping the slides
down with ethanol, followed by plasma cleaning for five
minutes. Before applying the resist to the glass, the
slide is coated with a silane solution, comprised of 95%
ethanol, 3% 3-acrloxypopyltrimethoxysilane
(SIA0200.0 – Gelest) and 2% deionized water. The
resist solution is comprised of 68.5% SR368, 18.5%
SR499 and 3% Lucirin TPO-L by weight. This step and
the following step must both be completed in a dark
room. The resist is spun coated at 1500 rpm for 30
seconds. The photoresist is then hardened by sitting in a
UV light for an hour, followed by letting the slides sit
overnight. Next, the desired pattern is written into the
photoresist using a laser.

PDMS Stamp
Prior to casting the PDMS, the etched slide is
cleaned by first washing them in ethanol for 20 minutes,
followed by sonication in a methanol bath for one
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Figure 5: Schematic of
laminin stamping
procedure

minute. In order to encourage release of the PDMS from the master mold, the mold is silanized. A
silane solution of 2% 3-aminopropyltriethoxysilane and 98% ethanol. The solution is placed in a dish
along with the master mold in a vacuum for 30 minutes. In order to ensure an even coating of the
silane the master mold is placed in an oven for 15 minutes at 110ºC.
The PDMS base and curing agent are combined in a 10:1 weight ratio. The two parts are mixed
then put in a vacuum to remove all air bubbles. Then the master is placed in a glass petri dish and
covered with the PDMS until the PDMS is approximately 5 mm thick. The PDMS is then cured in a
110ºC oven for an hour, followed by letting it sit at room temperature overnight.

Silk Fibroin solution
Cocoons from the Bombyx mori silkworm will be cut, boiled for sericin removal for 30 minutes
in .2 M Na2CO3. To remove any remaining sericin and Na2CO3, the silk is washed in millipore water
for 20 minutes, repeated 3 times, and dried overnight. Silk fibers will be dissolved in 9.3 M lithium
bromide at 60°C for 4-6 hours resulting in a 20% w/v volution.. Dialysis will be performed for two
days resulting in a final concentration of silk solution 6-8% weight by volume (w/v).

To create a non-adhesive surface, we will use a combination of silk and PEG. PEG is often used
as a non-adhesive surface, but due to its hydrophobic nature it has to coupled to another protein. The
silk solution will be mixed 50/50 (v/v) with a 30% (w/v) polyethylene-glycol (PEG) solution. A silk
film will be formed by spin coating 250μL of this solution onto a glass slide at 2000 rpm for 30
seconds.

Stamping procedure
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The PDMS stamps are stored in distilled water to increase the release of protein from the stamp.
Prior to “inking” the stamp, the stamp is sterilized in ethanol for 20 minutes. The stamp is then soaked
in either 50 μg/mL of laminin or 100 μg/mL of poly-d-lysine for 30 minutes. Then the stamp is dried
over a stream of air for 5 minutes or until it is dried. Then the stamp is inverted onto the film for 10
minutes under the weight of the PDMS stamp. In order to remove any stray protein, the film is washed
once with PBS and once with deionized water.

Electromagnetic field
Grooved silk films are created in a range of
widths from 20 μm to 100 μm. Glass masters are
created by photoetching a glass slides. PDMS is
cast over the glass slide, with the line features
raised above the top. Then silk solution from 6-8%
(w/v) is placed over the PDMS block. The films
are allowed to dry overnight before being removed
from the PDMS block. Beta sheets are formed by
rinsing the films in a 50% methanol solution.

Figure 6: Electromagnetic field chamber design.
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rectangular gold electrodes one

10cm

centimeter apart. In order to
Figure 7: Schematic of electric and magnetic field chamber

have the most consistent electric
field across the grooved films,

the electrodes are placed centered over the grooves. Platinum wires are attached to the electrodes with
silver paste. D/C fields with applied with a salt bridge set up. A petri dish is modified to have two
holes in the top to pass through tubes willed with agar gel. One end of the tube is in the media, and the
other end is in a solution of buffered salt solution. Electrodes attached to a power supply are also
placed in the buffered salt solution. This set up is necessary so the electric field does not cause a break
down of media components.
Magnetic field is also applied over the cells for an hour each day for 10 days. Neodynium
magnets are separated by PDMS blocks. We can alter the magnetic field strength by changing the
distance between the magnets and the strength of the magnets.

Cell culture
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For SHSY-5Y cells, the
culture medium consists of a 1:1
ration of DMEM to F12 media
fortified with 1% antibiotics and 10%
fetal bovine serum (FBS). Cells are
split when they reach 80%
confluence, and media is changed
every 3 days. Differentiation media
Figure 8: Direct current application setup.

consists of culture media with 50

ng/mL of NGF and 10 mM retinoic acid for 7 days.

For this specific aim, we use p19 stem cells, a neural progenitor cells isolated from mouse
embryonic carcinoma cells. We choose this cells line since the cell morphology is well branched which
will allow for multiple connections along the grid pattern. P19 culture media consists of 90% Alpha
Minimum Essential Medium with 10% FBS and .1% Pen/Strep. Cells are passaged at 80% confluence,
and media is changed 3 days a week. Cell differentiation is in the same media as culture media with an
added 1μM retinoic acid. Cells are passaged and placed in a non-adhesive petri dish. As the cells
differentiate, aggregates start to form. After 2 days, the cells are taken from the petri dish an allowed to
settle in a conical tube, separating the cells from the media. Then 1 mL of trypsin is added to the cells
and sit in the incubator for 3 minutes. The cells settle and the trypsin is removed and replaced with
media. Glass pipettes are passed through a flame to narrow the tip so only a single cell can pass
through at a time. The cell solution is pippeted up and down until a single cell suspension is created.
The cells are then placed into a non-adhesive dish again. This process is repeated after 5 total days of
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differentiation, at which time the cells are fully differentiated. After this time, the cells are cultured in
the original culture media.

Groups will consist of differentiated p19 cells on laminin and silk and differentiated p19
neurons in a control dish, silk only. To confirm neuronal development, we will stain for β3-tubulin
from a sample plated in Labtec dishes. All experiments will be completed at room temperature. For
each laminin coated film 10,000 neurons will be seeded over laminin pattern. Culture media will be
added to promote axon growth. The cells will be stored at 37oC. Experiments will be run over twoweeks as 10 days is the time for complete neuronal axon outgrowth and neuron network formation.
Measurements will be taken with a phase contrast microscope. For each condition, three samples will
be used for imaging. All cells will be seeded on silk films in tissue culture plates. As noted from
previous experiments, p19 cells will be viable in culture for two weeks.
Alignment measurements
Using ImageJ, we will measure the length of the neuron from the end of the axon to the
opposite end of the dendrite. We also keep track of the angle of the neuron. All images are taken with
the x-axis in line with the electric field, and the y-axis in line with the magnetic field. The
measurements are split into the x- and y- components, and summed. The alignment factor is the sum of
the x components divided by the sum of the y components. Perfect non-alignment has a value of 1.
The more the neurons are aligned in the x-direction, the higher the alignment factor will be. If the
neurons are more aligned in the y-direction, the alignment factor will be smaller.
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Results:

Neuron attachment
We were able to successfully create a stamp fabricated from PDMS. This stamp had two
different patterns, both grids. One pattern had squares at the intersections and the other did not have
any nodes. We had a glass master slide which we could make multiple PDMS stamps from.
Unfortunately, the stamping procedure was not successful. The first time, the stamp was not
fully dried before being inverted onto the substrate. This caused a non-specific transfer of the laminin,
with the cells attaching to a wide range. Another attempt I gently placed the stamp on the silk-PEG
films. There was not enough contact between the stamp and the surface causing no transfer of the
protein to the substrate.

200 um

Figure 9: PDMS stamp, after several rounds of
stamping.
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150 um

150 um

150 um

150 um

150 um

150 um

Figure 10:Attachment study of p19 neurons on silk and PEG films. (a-e) 3.6% w/v silk (f)
no silk. Concentrations of PEG (w/v) (a) 0% (b) 1% (c) 5% (d) 10% (e) 15% (f) 30%

Cell attachment decreased with increasing PEG concentrations. The film with no silk did not
form an even coating on the bottom of the dish. Neurite extension also decreased with the increasing
concentration of PEG. However, the films also became increasingly difficult to see through, due to the
thickness of the film and the interactions between the silk and PEG.
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200 um

200 um

200 um

200 um

200 um

200 um

200 um

200 um

Figure 11: P19 cells are differentiated, plated on silk films, and stimulated with either an electric of
magnetic field. (a-d) Cells immediately after three hours of stimulation. (e-g) Images taken 24 hours
after stimulation to allow neurite growth. (a,e) Cells stimulated in a D/C field of 100 mV/mm. (b,f)
were stimulated in an A/C field of 120 mV and 20 Hz. (c,f) were stimulated in a magnetic field of .02T.
(d, g) were control samples

Electromagnetic Results
P19 cells were differentiated for five days as described in the methods section. Upon the final plating
on a silk film, cells were placed in either an electric or magnetic field for three hours. The neurites
were allowed to grow out for 24 hours before we take images again. After 24 hours, cell attachment in
the magnetic field group was less than the other groups. There was no obvious alignment from any of
these treatments.
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150 um

150 um

150 um

Figure 12: SH-SY5Y cells exposed to 120 mV, 20 Hz electric field for 45 minutes a day, (a) after 3 days
(b) after 6 days

Alignment due to 120 mV, 20 Hz, 45 min/day treatment
1.2

1

Alignment factor

0.8

0.6

0.4

0.2

0
0

3

6

9

Days of treatment

Figure 13: Alignment of SH-SY5Y cells after treatment of 120 mV,
20 Hz treatment for 45 minutes a day. Red line indicates
Cells appeared significant alignment. Red line is significant alignment
to differentiate perpendicular to electric field stimulation. Axons were appeared longer than those in
the control sample (Figure 11). Experiments were done in a hood, which limited the stimulation time,
since we did not want to keep cells out of the incubator for extended periods of time. The alignment of
the neurons in the y-direction increased on days 3 and 6, yet the alignment decreased on day 9.
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150 um

150 um

150 um

150 um

Figure 14: Direct current stimulation of SH-SY5Y cells. (a) 100 mV/mm, 3 hours (b) 200
mV/mm, 24 hours (c) 200 mV/mm, 3 days (d) 400 mV/mm, 24 hours
We found that either long term or strong direct current stimulation can lead to cell death. Due
to the experimental setup, there were contamination issues associated with the direct current
stimulation. Since the agar bridges had to pass through holes in the top of the petri dish, infections
could also pass through those gaps. It is also difficult to locate the setup within the incubator for
extended stimulation intervals. Cell death was significant in both long term and high voltage D/C
electric stimulation. The alignment factor from 100 mV/mm stimulation for 3 hours was .7 and for 200
mV/mm for 24 hours was .42.
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150 um

150 um

150 um

150 um

150 um

150 um

Figure 15: Application of magnetic field on SH-SY5Y cells seeded on silk films. (a) .02 T, 3 hours (b) .02 T,
24 hours (c) .02 T, 3 days (d) .1 T, 24 hours (e) .2T, 24 hours (f) .2T, 3 days

There was no significant alignment from the magnetic stimulation. Cell morphology changed
slightly under high strength magnetic field. Cell death started to be an issue at higher magnetic field
stimulation. Bacterial contamination was a larger issue in the magnetic film stimulation than the other
stimulation parameters.
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150 um

150 um

Figure 16: Scale bar is 150 um. (a) control (b) Dark spot in the top is silver paste. 3
days after cell seeding

We were worried about cell apotosis due to the silver paste, but we looked at cell morbidity near silver
paste (Figure 4). No cell bodies were found within 100 um of the silver paste. The cell morphology
and number of cells was similar to the

control sample without any silver paste. The

amount of silver paste in this experiment (about 2 cm2) was greater than the amount used to attach
platinum wire to the gold electrodes (about .5 cm2). In addition, the silver paste does not come in
contact with any cells, so the locational cell death will not be an issue.
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150 um

150 um

150 um

150 um

Figure17: A/C stimulation of SH-SY5Y cells. Scale bars are 150 um. (a) 120 mV, 20 Hz, 3
hours (b) 120 mV, 20 Hz, 24 hours (c) 240 mV, 30 Hz, 3 days (d) 400 mV, 30 Hz, 24 hours

Neurite outgrowth was decreased in samples that underwent extended A/C current. Cell body
shape stayed similar to undifferentiated cell lines. There was no extra cell morbidity associated with
higher electric field or stimulation time. Neuron length was less in the 120 mV 3 day stimulation
parameter.
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Alignment of neurons stimulated at 120 mV
0.76
0.74
0.72

alignment factor

0.7
0.68
0.66
0.64
0.62
0.6
0.58
0.56
3

24

36

hours of stimulation

Figure 18: Alignment of neurons stimulated continuously for 3,
24, or 36 hours. No significant alignment.
Neurons aligned in the direction perpendicular to the electric field under long term stimulation. The
alignment from 3 days of constant stimulation was similar to the alignment from 3 days of stimulation
for 45 minutes a day (.62 and .64, respectively).
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150 um

150 um

150 um

Figure 19: Perpindicular A/C (120 mV, 30 Hz) and magnetic field (.1T) across SH-SY5Y
cells seeded on a silk film. (a,b) After 24 hours of stimulation (c) After 48 hours of
stimulation. Dark mark in (b) is gold electrode.

Neuron alignment in .1 T, 120 mV 30 Hz field
1.4

1.2

Alignment

1

0.8

0.6

0.4

0.2

0
24 hours

48 hours

Stimulation time

Figure 20: Alignment of neurons stimulated by electric and
magnetic field. Red line is significant alignment.
We thought that neurons would align in the same direction as the electric field, and
perpendicular to a magnetic field. After 48 hours, neurites grow parallel to the electric, and neurites
perpendicular to the electric field are shorter.
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150 um

150 um

150 um

Figure 21: DiI stained SH-SY5Y overlaid with white field images. (a) 60 um wide grooves (b) 40 um
wide grooves (c) 20 um wide grooves

Cells sat in the 60 um grooves, with few cells sitting on the raised areas. The SH-SY5Y cell
bodies are approximately 30 um wide, which is half the width of the grooves. The 40 um wide grooves
is only slightly larger than the cell bodies, so there is a mix between cell bodies on top and in the
grooves. Since the 20 um grooves are smaller than the cell bodies, all of the cells sit on top of the
grooves.
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Discussion:
We were unable to produce a reproducible pattern of laminin through stamping of a PDMS
block. In the literature, there was a wide variety of methods used for the actual stamping. While this
may imply that the stamping procedure is fairly robust, we needed to tweak the protocol to optimize it
for our purposes. The protocol that we used was fairly lengthy, taking over 45 minutes for each stamp.
In order to streamline the process, we could examine if a half hour is required for inking. In the
locations where laminin transferred, cell attachment was higher than where there was no laminin.
Therefore, the proof of concept is there for selective laminin plating. We could also try a different
combination of proteins, such as using poly-d-lysine. Also, we could alter the base material to have a
higher content of PEG to reduce the cell adhesion even more.
What we can take from this experiment is the method of creating a stamp. We have control over
the exact pattern, being able to control the thickness and length of the lines, along with the squares at
the intersections. In the future a possibility would be to look at different patterns, particularly to reduce
the size of the features. On the stamp, there were four different patterns, which could allow for
screening of multiple different patterns. If we are not getting transfer of the features, the depth of the
raised portion of the stamp might not be deep enough in proportion to the size of the features of the
stamp.
We have shown that we can control the degree of cell adhesion by conjugating silk films with
PEG. When we tried a layer of silk covered by a layer of PEG, the hydrophobic nature of the PEG
caused it to clump up and have an uneven surface. In addition, the PEG washed away when the media
was added, due to its interactions with the glass slide. However, first mixing a silk and PEG solution
prior to casting the film adds stability to the film. We successfully created films that were able to limit
cellular attachment by increasing the concentration of PEG within the silk films. Higher PEG
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concentration decreased the number of cells that attached to the film, and decreased the axonal
outgrowth. The combination of the silk and PEG allowed for limited cell attachment, yet still being an
easy biomaterial to work with.
The difference in cell attachment properties between the silk-PEG films and laminin might not
be enough to selectively adhere neurons to the laminin grid, which was a similar issue in other studies
(Liu et. al, 2006). In addition, if the surface was too hydrophobic, the laminin might not transfer from
the PDMS stamp to the surface.
Our first electromagnetic field experiment was performed with P19 cells. However, we decided
to switch to the SH-SY5Y cells after that initial experiment. The SH-SY5Y cells are easier to work
with, simplifying the protocol. In addition, the cell morphology made it easier to classify the amount
of alignment found from these cells.
Electric fields are thought to be involved with axon elongation since they keep the cell
membrane in a less stable state. When neurons are used more frequently, they begin to make more
connections, as in learning. This semi-stable membrane state would cause more frequent action
potentials, which could cause faster axon elongation. We originally thought that neurons would grow
parallel to an alternating electric field, but in our experiments they grew perpendicular to the field. The
neurons could be extending in the same direction as the waves fronts of the electric fields. When we
tried the combination treatment, we still thought that the neurons would grow along the electric field,
and hence placed the electric and magnetic field in opposite directions. Also, since this study had more
alignment than the studies with prolonged electrical field exposure, the cells may need some time to
respond to the treatment. When exposed to long term signals, neurons undergo short term depression,
which decreases their response to future signals. For stimulation for several hours to days, the
stimulation could become less effective. Alignment from electric and magnetic fields occurred sooner
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than alignment from only electric fields (2 days compared to 6 days). Since the speed of neural
reattachment is often an important factor in effectiveness, using both a magnetic and electric field
could increase recovery.
Upon stimulation of an A/C electric field, neurons extend perpendicular to the electric field at
days 3 and 6 of stimulation. At day 9, there is no significant alignment, however, the axons appear to
be bent in the direction of the electric field. Since the axons were previously aligned in the y-direction,
this decreases the alignment of the neurons. These results are similar to the results seen in Geremia, et
al, 2007, where optimal in vivo nerve regeneration occurred after 1 hour of regeneration when
compared to no stimulation or longer stimulation times. Electrical stimulation increases upregulation
of several genes associated with neural growth, such as T1 α -tubulin and GAP-43 and downregulation
of medium-molecular-weight neurofilament. It is believed that brain derived neurotrophic factor
(BDNF) is involved with the increased regulation due to electrical stimulation (Al-Majed et al, 2004).
Overall neuron growth was not significantly different from the control and the cell stimulated
for 45 minutes a day by an electric field. However, at 6 days of treatment, the axon length of the
treatment group was higher than the axon length of the control group. This could be important for
damage in the nervous system when the body will start to form scar tissue around the injury. Faster
regeneration would result in less time for scar tissue to form, causing a better chance for full recovery.
Electric fields are already being used in peripheral nervous system regeneration, but they use direct
currents to stimulate the direction of growth. This involved electrodes being placed on either side of
the damaged nerve, which could add complexity to the surgery. Neurons which extend perpendicular
to an alternating electric field give more options for the location of the stimulating electrodes.
The higher magnetic field caused a morphology change in the neurons, similar to Pacini et Al,
1999. We decided to look at a less powerful magnetic field to achieve alignment without causing
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morphological changes. We did not achieve significant neural alignment through application of the
weak magnetic fields; however the morphology of the cells was not affected. Although the magnetic
field alone did not have significant results, in combination with an electric field, the result could be
greater than either on its own. This experiment looked at weaker fields than previous experiments, and
for longer stimulation times.
A major problem in the electromagnetic experiments is keeping the cells alive. In order to elicit
a response, subject cells to more severe electric and magnetic fields not normally found within the cell
body. This can disrupt the membranes of the cell and affect the ion balance. In addition, since we need
an external power source, which is an additional route of contamination. Finally, although for the A/C
field we can place electrodes directly in the media, if we try to apply a continuous field from electrodes
directly in the media, the media starts to break down around the electrodes.
One of the reasons we might have seen limited results is the timing of when we applied the
electric and magnetic field. We applied the field after the neurons were differentiated, so the axons had
already begun to grow. At that point it could be difficult for the neurons to realign, which could
explain the limited alignment. A possibility is to expose the cells to the signal during differentiation, to
align the neurons as they are forming. Differentiation takes a week, which is longer than the time
frames that we looked at in this study. Another possibility is to return to using p19 cells as the cell
model. These cells differentiate in floating aggregates, so we could apply the field at the same time
that they are seeding. However, magnetic and electric fields have also been implicated in cell
migration, which could be more of an issue if the cells have not attached to the bottom of the dish.
We have shown that various groove widths elicit different cellular responses. Depending on the
amount of communication desired between different neurons, we can alter the size of the grooves. The
larger grooves would have less intracellular communication, since the entire cell would sit inside one
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of the grooves, as opposed to smaller grooves where the cells can spread out more. These results are
similar to those found in Goldner et al, 2005. We used a different substrate and cell line than previous
experiments.
With all of these experiments, we used a cell model instead of primary neurons. In some cases,
the knowledge gained from this experiment would be used in a disease model, where cell lines are
more commonly used. In those cases, it is ideal that we have used a cell model. However, if we
wanted to go into a living organism, the information that we learned may not directly transfer. We used
a cell line since it is easier to use, and the results would be more consistent between experiments. The
difficulty with the cell line is the proper timing of the electrical and magnetic stimulation in the process
within the differentiation process. Further testing could be performed to examine to ideal time to apply
the electromagnetic fields. Some of the proteins could also be different in cell lines from primary cell
culture. If any of these proteins are ion channels, it could have an effect on the response from the
electric and magnetic fields. However, the benefits outweigh the risks and detrimental effects.
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Conclusions:
We were able to control neuron attachment and growth through altering the concentration of
hydrophobic PEG in a silk film. Once we can selectively plate laminin we will use this surface as a
nonadhesive surface.
Electric fields managed to both increase axon growth and alignment at some time points. There
was no trend associated with longer treatment times. Combination of electric and magnetic field
showed alignment after 48 hours of treatment.
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Future Directions:
In the future, the stamping protocol could be further refined. The inking time and stamping
time could be altered for more efficient transfer of the laminin solution. An additional step of
pretreating the PDMS to increase the release of the laminin onto the film could be added. The film
could also be treated in order to chemically cross link the laminin to the film. Once the protocol is
refined, the stamp could be aligned with a micro electrode array in order to record the signals coming
form individual cell bodies. Since the quality of the signal is highly dependent on the distance of the
electrode from the neuron, it is important that the cell body is growing directly on the electrode. In
addition, alternate proteins and biomaterials could be explored to enhance the selective patterning.
Instead of laminin, poly-d-lysine could be used as cell adhesion protein. The silk film could also be
treated in order to decrease cell attachment. We did not achieve a difference in cell attachment
properties between the films and where we stamped the laminin, so increasing the difference in cell
attachment through increasing attachment on the patterned and decreasing attachment everywhere else
should result in neural growth in the desired pattern. Finally, the size of the features of the pattern
could be altered to optimize the connections between the neurons.

More combinations of electric and magnetic fields should be explored. In future experiments,
aligning the electric and magnetic fields parallel and perpendicular to each other should be explored to
see which results in better alignment. The grooved silk films could also be included as a third platform
for directing neural alignment. Also, further experiments into ideal stimulation time of constantly or
limited stimulation per day should be explored. Continuing stimulation for more days should also be
explored. An additional future experiment would be in vivo experiments looking at different field
strengths on peripheral nervous system regeneration. For prosthetic use, we would want the neurons to
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connect with electrodes, so another experiment could be performed using electrical signals emanating
from a microelectrode array to examine if the neurons terminate on the surfaces of the electrodes.
Since BDNF is believed to be involved with neuronal electrical stimulation, we could supplement the
media with BDNF to see if alignment is increased.
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