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Abstract
Peripheral nerve injury is a critical issue for trauma patients. Following injury, incomplete axon
regeneration or misguided axon innervation into tissue will result in loss of sensory and motor
functions. The objective of this study was to examine axon outgrowth and axon alignment in
response to surface patterning and electrical stimulation. To accomplish our objective, metal
electrodes with dimensions of 1.5 mm × 4 cm, were sputter coated onto micropatterned silk
protein films, with surface grooves 3.5 μm wide × 500 nm deep. P19 neurons were seeded on the
patterned electronic silk films and stimulated at 120 mV, 1 kHz, for 45 minutes each day for 7
days. Responses were compared to neurons on flat electronic silk films, patterned silk films
without stimulation, and flat silk films without stimulation. Significant alignment was found on
the patterned film groups compared to the flat film groups. Axon outgrowth was greater (p < 0.05)
on electronic films on day 5 and day 7 compared to the unstimulated groups. In conclusion,
electrical stimulation, at 120 mV, 1 kHz, for 45 minutes daily, in addition to surface patterning, of
3.5 μm wide × 500 nm deep grooves, offered control of nerve axon outgrowth and alignment.
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Introduction
Peripheral nerve regeneration is a critical issue as 2.8% of trauma patients present with this
type of injury.1 Causes for peripheral nerve injuries include violence, sports injuries, motor
vehicle accidents, and tumor resection.2 During a time of war, 14–18% of injuries affect the
peripheral nervous system altering both sensation and muscle function.3 Clinical options for
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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.4 Despite current treatments, only 10% of the
patients regain complete functional recovery.5

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.6–10 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.11–18 It
is also known that electric fields have an impact on cell adhesion, proliferation, and
differentiation19–28 and have been utilized to increase axon outgrowth, accelerate axon
repair, and increase muscle reinnveration.29–31 Furthermore, a combination of strategies,
such as multiple growth factors, 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.32–34

Various types of synthetic and natural materials have been studied in the field of biomedical
engineering to improve tissue growth, ability, and regeneration35–37, and silk biomaterial
has demonstrated biocompatibility with peripheral nervous tissue repair.38–44 Silk can be
processed into many material formats such as scaffolds, films, gels, fibers, hollow tubes and
microstructures45–48 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.49

In the present study, silk from the Bombyx mori silkworm was used. This silk 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 the fibers.50,51

Our objective was to incorporate electrodes and surface topographies on flexible silk
substrates to assess the combined effects of patterning and electrical stimulation on axon
alignment and axon outgrowth. In addition, we demonstrate methods for depositing
electronic components onto flexible silk films with morphologically patterned surfaces.

Results and Discussion
Electronic Patterned Silk Film Fabrication

Electronic patterned silk films were fabricated by a micro-molding technique with varying
micropatterned surface topographies, electrode dimensions, pattern vs. electrode orientation,
and electrode material. [M1]Surface topographies consisted of an array of grooves with the
dimensions of 40 μm wide, 3.5μm having a 350 nm depth, and 3.5 μm wide grooves having
a 500 nm depth (Figure 1A). Line electrodes with the dimensions of 0.5 mm × 4.0 mm, 1.0
mm × 4.0 mm, and an 8.0 mm × 50 μm electrode array with 2 mm2 electrode pads were
deposited both on flat and patterned silk films (Figure 1B). Electrode surface area was
chosen based on unit isolation and the electrode width required to sputter through the depth
of the mask.52 Electrodes were oriented perpendicular, parallel, and at 45° from the silk film
patterns (Figure 1C). Platinum/palladium, titanium, and gold materials were sputtered coated
on 90 μm thick silk films (thickness measurements not shown) (Figure 1D). Sputtering was
performed in assistant with a shadow mask, which allowed successful transfer of functional
electrodes onto flexible surfaces with microscale topography. These methods can be
accomplished at room temperature without the use of any harsh chemicals that do not alter
the protein structure of the biomaterial. These thin silk films were mechanically stable that
they survived all these processing conditions and cell culture procedures.

Hronik-Tupaj et al. Page 2

J Biomed Mater Res A. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Several studies have incorporated inorganic materials with silk for applications in
biomedical, optoelectronics, and photonics.53–55 In our studies, gold, titanium, and
platinum/palladium electrodes were chosen due to these material’s well known
biocompatible and conductive properties. Silk was used as our neuro-electronic substrate as
it is a natural, biocompatible block copolymer with controllable degradation rates and
controllable mechanical properties. Our patterned gold electronic silk films were transparent
for imaging purposes and flexible for the purpose of future incorporation into functionalized
nerve conduits.

Pattern dimensions were chosen based on what has been previously used in our lab for
successful alignment of corneal fibroblasts on silk films.56 In these prior studies, groove
widths ranging from 445–3582 nm and groove depths ranging from 37–342 nm were tested
and it was found that the groove depth had a larger effect on cell alignment than the groove
width. 56 Our silk films patterns containing 3.5 μm groove widths and 500 nm depths
closely followed these dimensions.

Conductivity of Electronic Patterned Silk Films
Silk films were conductive down the length of each electrode when a 1 V test signal was
applied. Crosstalk was not observed among the neighboring electrodes (Figure 2A – 2E).
Twenty-five areas, specifically 5 areas per electrode and 5 electrodes per silk film were
chosen and tested for electric conductivity (Figure 2F). Electrodes sputtered 25 nm thick on
flexible silk films exhibited little to no conductivity. Electrodes 75 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,
respectively (Figure 3B). For example, an average of 90.0% conductive can be explained as
90 out of every 100 electrodes were functional. Three different frequencies were tested due
to the capacitive effect at the electrode-electrolyte interface. Electrodes with a thickness of
100 nm were 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, respectively (Figure 3B ). Conductivity of electrodes that were 75 nm thick
and 100 nm thick was statistically higher (p < 0.05) than the conductivity of electrodes with
a 25 nm thickness. Images of electrodes deposited on patterned silk films with 25 nm, 75
nm, and 100 nm thicknesses are shown in Figure 3A. Differences in electrode thickness are
noted by the color differences of the electrodes in the figures.

Conductivity of electronic silk films was monitored following hydration. As a baseline
measurement, 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, respectively, prior to hydration. 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 4A). Therefore, cultures were maintained for 7 days.

The metal electrodes bonded to the 90 μm thick, flexible patterned silk fibroin films in a
hydrated environment. Decreases in conductivity were observed as the silk films degraded in
a hydrated environment over two weeks (Figure 4A). Silk degradation time in water was
dependent upon beta-sheet content and film thickness.57,58 Insulation between electrodes
was only tested and reported following electronic film fabrication (Figure 2). As the films
degraded the gold electrodes dispersed, resulting in a degradable device. These parameters
can be tailored for the amount of treatment time needed in an in vivo environment.
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Functional Material Interfaces
Different materials were utilized to form the functional electronic material interfaces,
including e-gel, silver paste, and silicon glue. Both the e-gel and the silver paste were
options in attaching external electronics to the silk e-films. The e-gel interface (Figure 3D)
was 78.2 ± 8.26%, 80.8 ± 8.5%, and 81.1 ± 8.38% conductive and the 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 3D) was 74.8 ± 9.92%, 84.9 ± 8.20%,
and 89.9 ± 6.88% and 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 electronic silk film interface with polydimethylsiloxane
(PDMS) chamber groups did not show significant differences (p < 0.05) (Figure 3D).

While e-gel is not conductive it is a strong adhesive and is biocompatible.59 Silver paste is
conductive, though not adequate as a strong adhesive. Silicon glue may also be used as a
non-conductive, biocompatible, strong adhesive60, and was utilized with silver paste to
secure the bond. Combinations of these materials are an option for optimizing conductivity
and attachment.

COMSOL Modeling
An image of the silk film with electrodes, PDMS chamber, and tissue culture dish that was
utilized in the studies and modeled is shown in Figure 5A. Figure 5B shows a model of the
electric potential at the anode, cathode and across the electronic silk film. Figure 5C shows
the direction and magnitude of the electric field on the film. As can be seen from the field
lines the strength of electric filed is strong between the electrodes and weaker away from the
electrodes (Figure 5C). Any irregular field distribution was due to differences between the
electrodes in contact with the culture media compared with the electrode in contact with the
PDMS well. Electric field strength between the electrodes was 18.5 mV/mm. Field strength
was comparable to prior studies utilizing electric fields for bone differentiation, cartilage
repair and neural tissue engineering.19,24,61,62

Cell Viability on Electronic Patterned Silk Films
P19 stem cells seeded at 5,000 cells/cm2 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. All groups increased in cell number between days 1, 3, 5, and 7 (Figure 4B).
Specifically, p19 stem cells seeded on the gold electrodes increased 5.06 times over a 7 day
culture period, 5.04 times on titanium, 5.66 times platinum/palladium and 4.82 times on silk
films without electrodes.

Axon Alignment on Electronic Patterned Silk Films
Fluorescent images of the p19 neuron axon alignment 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 6). Directions of film patterns are
noted by red arrows. Axons aligned with these film patterns are distinguished by the white
arrows. Since neurons were stained with calcein acetoxymethyl ester (calcein AM), a
polyanionic dye that is retained in live cells, all of the cells that were imaged were living.
Differences in average axon alignment with the grooves were found between the patterned
silk films and the flat silk films at all time points (p < 0.05) (Figure 7A). Differences
between axon alignment on the patterned films with and without electrodes were found on
days 3, 5, and 7 (p < 0.05) (Figure 7A). Quantification of axon alignment in all groups are
reported within every 10 degrees (i.e., 0–10°, 10–20°, 20–30°, 30–40°, 40–50°, 50–60°, 60–
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70°, 70–80°, 80–90°) from the groove on day 1 (Figure 7B), day 3 (Figure 7C), day 5
(Figure 7D) and day 7 (Figure 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 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 increased from 44.8% to 54.3%. Here, the contribution
of the electric field towards axon alignment is unknown. While direct currents have been
demonstrated to align cells perpendicular to the electric fields28,63–65, there have not been
extensive reports examining the effects of alternating current stimulation on cell alignment.
The effect of electrode orientation, electrode spacing, and electrode thickness on
topographical surface for axon alignment or outgrowth will be a topic for future
investigation.

Axon Outgrowth on Electronic Patterned Silk Films
Cells revealed β3-tubulin protein expression in all groups on days 1, 3, 5, and 7 (Figure 8A).
β3-tubulin, also known as tuj-1, encodes for a structural protein found in neuron axons and
cytoskeleton, is expressed in microtubules and is a common marker for identifying nerve
tissue.66–68 Axon outgrowth in the flat, patterned, flat electronic, patterned electronic groups
increased from days 1 to 3 following seeding on silk films (Figure 8A, 8B). Increased axon
diameter was also observed in all groups between days 1 and 3. On days 5 and 7 there were
statistical differences (p < 0.05) in axon length between the patterned films and the flat silk
film groups with and without stimulation. Cells in the stimulated groups exhibited the
greatest average axon length on day 5, compared to the unstimulated groups that exhibited
the greatest average axon length on day 3. Differences in surface topography, either on the
stimulated or unstimulated groups, did not affect (p < 0.05) average axon length.
Immunostaining was compared to a negative control of non-differentiated p19 stem cells
(data not shown). Since p19 neurons are morphologically similar to that of cortical neurons,
dendrites are typically not observed following neural differentiation. Thus, when measuring
outgrowth, a distinction was not made between different processes.

Neural stem cell lines are popular in in vitro studies that examine the effects of electrical
stimulation in neural tissue engineering and neural regeneration.61,69–72 In addition, p19
stem cells proliferate, which allow for easily examining cell viability, in addition to
assessing neurite outgrowth. Lastly, stem cell lines do not have the sterility concerns or the
acquisition of fibroblasts as primary cells have following dissection.

It is known that nerve cells require multiple cues (biophysical, biochemical, bioelectrical)
for regeneration.71 While biophysical surface topographies such as fibers, tubes, and
grooves18 and biochemical cues such as growth factors are widely used to control nerve
growth, there are only a handful of papers that examined 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 and assessed the contributions of each
towards axon alignment and axon outgrowth. Nerve axon alignment was increased on
patterned films in comparison to flat films, and axon outgrowth increased in neurons
exposed to alternating current (AC) stimulation. Over time, detachment of neurons from the
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silk surface occurred, decreasing average axon length and total nerve tissue. As a result,
additional surface coatings for long term nerve cell attachment will be important.

Silk films with patterns improved neural alignment, while electrodes increased neurite
outgrowth. P19 neurons in electrode fields exhibited less organization compared to the non-
stimulated controls. This is reasonable as electrode position, electrode size, electrode shape,
and the applied electric field strength are critical factors for determining cell alignment.64 In
future studies, additional investigation are needed into the combination of these electrode
parameters to provide optimal outgrowth and alignment with patterned films.

Mechanism
Electrical stimulation has been reported to enhance neural regeneration through increasing
remyelination, guiding extracellular matrix deposition, and increasing axon outgrowth.73–75

Several electric field-tissue interactions have been suggested toward this goal, including
altering pH, Joule heating, mechanical stress, altering membrane potential, or altering
receptor expression.76–78 It has also been hypothesized that electrical stimulation of neurons
increases endogenous neurotrophic factor release, which activates regenerative pathways
and signaling cascades. For example, it has been reported that electrical stimulation activates
endogenous brain derived neurotrophic factor (BDNF) release in hippocampal neurons and
increases endogenous nerve growth factor (NGF) release in cultured Schwann cells74,75, and
as a result, activates cell membrane receptors. It is well known that NGF activates the
tyrosine kinase receptor A (Trk-A) and BDNF activates the tyrosine kinase receptor B (Trk-
B) on the neural cell membrane. The p75NTR receptor, a low affinity binding receptor, is
also activated in the presence of several neurotrophins, including NGF and BDNF.79,80

To increase neural regeneration pathways downstream, the Trk-A receptor activates
intracellular phosphorylation of Src-homologous and collagen like protein (Shc) and
tyrosine residues known to signal two major pathways, the phosphoinositide 3-kinases
(PI-3K)/Akt pathway and the MEK-mitogen activated protein kinase (MAPK) pathway.80

The PI-3K protein is a target of the small guanine nucleotide binding protein, Ras, and PI-3
kinase has been demonstrated as a survival protein among neurons.80 The MEK/MAPK
pathways are known to promote synaptic plasticity, long-term potentiation, and are central
mediators in axon sprouting and neural differentiation.80–82 Activation of the Trk-B receptor
activates intracellular phosphorylation of Shc that activates the MAPK pathway and push
actin filaments (f-actin) in the growth cone outwards.82

Additional neural receptors that may be activated by electrical stimulation for neural
regeneration include the calcium channel and the two pore domain potassium (2-PK)
channel.74,75,83–85 Specifically, it has been reported that electric fields may regulate
phosphorylation of protein kinase A (PKA) and protein kinase C (PKC) which regulate the
2-PK channel.83 Electric fields may also increase intracellular calcium production and
release through neuron calcium channels.74 Increase in NGF production during electrical
stimulation treatments was dependent upon this increase in calcium production.74 These
receptors and pathways potentially activated by electrical stimulation are shown in Figure 9.

Experimental
Fabrication of Flat & Patterned Silk Electronic Films (E-Films)

Silk Fibroin Purification - Silk fibroin solution was extracted from Japanese Bombyx mori
cocoons as described previously.86,87 Briefly, cocoons from the silkworm were cut, boiled
for 30 minutes in sodium carbonate 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
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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 patterned 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 the grooved patterned substrate. PDMS was cured at 60°C for 2–3 hours then
peeled off from the substrate. 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 fabricated by the same technique (as mentioned above)
by casting 6 –8% aqueous silk over non patterned smooth PDMS surface and were treated
under the same conditions.

Electrode Deposition on Silk Films - An electrode mask (Boston Lasers, Haverhill, MA)
was generated by laser etching a pattern into a 2.7 cm × 4.3 cm × 0.2 cm black delrin slide.
The etched 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-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.

E-Film Characterization
Silk E-Film Thickness – The thickness of the flat and patterned silk e-films was examined
using confocal reflectance microscopy.88 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 signals 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
crosstalk was not observed between the neighboring electrodes, a 1V test signal was applied
at one end of each electrode. During all conductivity measurements, electrical contact was
made by connecting the voltmeter probe to the gold 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 25 nm, 75 nm,
and 100 nm as measured by the Cressington Thickness Controller (Watford, England).
Conductivity measurements were taken across electrodes of 25 nm, 75 nm, and 100 nm
thickness. To accomplish this, a small direct current (DC) test signal was applied across the
electrodes. Using a voltmeter the potential across the electrodes was measured. The
difference between the applied DC test signal and the measured potential was graphed as an
average percent of the original signal. Sample size was n = 20. Measurements were taken at
1V, 1 V 20 Hz, and 1 V 1 kHz. The frequency range used to characterize the conductivity of
the electronic-patterned films includes the range of electrical stimulation typically used for
engineering tissues.64

Electronic Silk Film Conductivity in a Hydrated Environment – For the purpose of assessing
electrode adhesion to the silk film surface, conductive electronic films having an electrodes
with the thickness of at least 75 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.
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Following measurements, the films were placed back into PBS until the next time point.
Measurements 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.

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 circular PDMS well (Figure 5A) and a 24 mm × 30 mm × 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),
100 μm 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 secured 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 59

was used in place of silver paste for electrode attachment to e-films. The e-gel was formed
by exposing a 25% 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.

Silk Film Surface Preparation
E-film chambers were soaked in 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.

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.

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-ethylenediaminetetraacetic
acid (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 non neural differentiated cells, 5 μg/
ml cytosine arabinoside was added the following day.89,90 Media was changed two times per
week. 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
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complex homolog 1 (mash-1), and wingless-type mouse mammary tumor virus integration
site family, member 1 (wnt-1).91

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.24 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 μL 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.

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:

where D = electric field flux (V m); ρ = free electric charge density; ε0 = electric constant =
8.85418782×10−12 F·m−1; εr = dielectric constant; E = electric field strength (V/m), V =
applied max voltage (A Ω). Briefly, the electronic silk films, interface, and chambers were
constructed to scale 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’ electric
charge density.92–94 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).

Electrical stimulation of neurons
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® (McMaster-Carr, Atlanta, GA). Noryl® has a high
melting point, approximately 154°C, and is autoclavable 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.
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Electrical stimulation parameters were based on reports of previous studies.24,61,64

Experimental groups consisted of patterned electronic silk films, flat electronic silk films,
patterned silk films without stimulation, and flat silk films without stimulation.

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 of two different
samples per group, per time point. 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.56 The
relationship of alignment between axons and the direction of neurons seeded on the
patterned films was not examined or quantified.

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 five minutes in 0.3% triton X-100 and PBS.
Following permeabilization, samples were incubated at 37°C for two 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
three 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. Staining was completed on day 1,
day 3, day 5, and day 7. P19 stem cells seeded on flat silk films were stained and imaged as
a negative control. Images were taken of two different samples per group, per time point.
Axon outgrowth was quantified and graphed as average length of axon, not including the
cell body. The number of axons measured was n = 30 for each group, per time point.

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. Statistical
significance for axon length was calculated through one-way analysis of variance (ANOVA)
followed by Tukey’s test for multiple comparisons (p < 0.05).
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Conclusions
In conclusion, neural effects from electronic topographical surfaces have not been
extensively reported. The present paper provides methods for electrode incorporation onto
patterned flexible biomaterial films and options for forming conducting topographical
surfaces and electronic-silk film interfaces. The effects of these systems on neuron axons in
the presence of electric fields were demonstrated. 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 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 20 μm. (b) Electrode dimensions included (left) 0.5 mm × 4 mm, (middle) 1.0 mm × 4
mm, and (right) 2 mm2 electrode pads with an 8 mm × 50 μm2 electrode array. Red arrows
are pointing to the silk film. Yellow arrows are pointing to the electrodes. The orange arrow
points to the 2 mm2 electrode pads. The green arrow points to the 50 um2 electrode pads. (c)
Electrodes are oriented (left) perpendicular, (middle) parallel, or (right) at 45° from the
grooved surface patterns. Scale bar is 500 μm. Red arrows mark the clear silk film and are
showing the direction of the patterns on the silk film. Yellow arrows mark gold electrodes
and are pointing to the direction of the electrodes. Scale bar of silk film patterns in upper
right hand corner is 20 μm. (d) Electrode deposition utilizing (left) platinum/palladium,
(middle) titanium, and (right) gold. Red arrows are pointing to the silk film. Yellow arrows
are pointing to the electrodes. Scale bar is 4 mm.
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Figure 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 measurement locations on electronic silk
films. Each location is marked with a ‘Χ’.
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Figure 3. Conductivity Across Electronic Silk Films
(a) Images of electrode thickness on silk films at 25 nm (top film), 75 nm (middle film), and
100 nm (bottom film). Scale bar is 10 mm. (b) Conductivity measurements across electronic
films at 25 nm, 75 nm, and 100 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 is 2 mm. (d) Conductivity across interface and chamber.
Statistical significance between groups is marked by an asterisk (* p < 0.05).

Hronik-Tupaj et al. Page 18

J Biomed Mater Res A. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 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 5. Electronic Silk Film Modeling
(a) Image of the modeled electronic silk film and chamber. Scale bar = 1 cm. (b) Maximum
voltage applied to the chamber. Color bar is in mV. (c) Electric field strength and electric
field direction is illustrated by the red arrows. Electrodes designated as anode and cathode
are outlined and then marked by a positive and negative symbol, respectively.
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Figure 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. Axons aligned in the direction of the pattern are
noted by the white arrows. Scale bar is 150 μm.
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Figure 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 8. β3-Tubulin Protein Expression
(a)Immunofluorescence staining of β3-tubulin expression on day 1, day 3, day 5 and day 7.
Scale bar is 75 μm. (b) Average axon outgrowth on day 1, day 3, day 5, and day 7.
Statistical significance between groups is marked by a bracket (p < 0.05).
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Figure 9. Mechanisms
Nerve receptors and regeneration pathways activated through electrical stimulation.
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