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Abstract

Mechanical and electrical properties of polycaprolactone fumarate-polypyrrole (PCLF-PPy)
scaffolds were studied under physiological conditions to evaluate their ability to maintain material
properties necessary for application as conductive nerve conduits. PC12 cells cultured on PCLF-
PPy scaffolds were stimulated with regimens of 10 pA of constant or 20 Hz frequency current
passed through the scaffolds for 1 h/day. PC12 cellular morphologies were analyzed by
fluorescence microscopy after 48 h. PCLF-PPy scaffolds exhibited excellent mechanical
properties at 37°C which would allow suturing and flexibility. The surface resistivity of the
scaffolds was 2kQ and the scaffolds were electrically stable during application of electrical
stimulation (ES). In vitro studies showed significant increases in percentage of neurite bearing
cells, number of neurites per cell and neurite length in the presence of ES compared to no ES.
Additionally, extending neurites were observed to align in the direction of the applied current.
This study shows that electrically conductive PCLF-PPy scaffolds possess material properties
necessary for application as nerve conduits. Additionally, the capability to significantly enhance
and direct neurite extension by passing electrical current through PCLF-PPy scaffolds renders
them even more promising as future therapeutic treatments for severe nerve injuries.
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1. Introduction

Nerve injuries caused by sharp objects such as broken glass or knives typically result in
clean transections[1] that can be repaired by suturing the severed ends when tensionless
approximation is possible. In order to attain functional recovery it is critical that the
proximal nerve extends axons that cross into the distal endoneurial tubes, which occurs at a
rate of 1-3 mm per day[2]. However, full functional recovery from primary neuropathy can
not always be achieved[3]. Insurmountable gaps created by nerve retraction or extensive
injuries resulting in segmental nerve loss require the use of autologous nerve grafts,
typically from the sural nerve, to bridge the gap. However these grafts have several
disadvantages, including donor site morbidity, insufficient donor nerve length, mismatch in
diameter, limited availability, and the risk of a second surgical intervention. In order to find
alternative treatment methods, nerve conduits have been fabricated from many types of
synthetic and natural materials including FDA approved poly(lactic-co-glycolic acid)
(PLGA)[4], polycaprolactone (PCL)[5] and collagen[6]. In addition to modifying the
geometry, mechanical properties, degradation rates, and chemical compositions of the nerve
conduits[7-14], the inclusion of biomolecules such as glial cell line-derived neurotrophic
factor (GDNF) and nerve growth factor (NGF) in the conduits for controlled release to
promote nerve regeneration have been investigated and have shown significant increases in
axonal regrowth[15-17].

An alternative method of stimulating neuronal tissue regeneration includes the application of
electrical stimulation (ES) treatments directly on severed nerves, which has rendered
promising findings[2,18-20]. This idea has been extended to applying ES treatments
through nerve conduits made from electrically conductive materials to stimulate axonal
regeneration. This has led to the investigation of polypyrrole (PPy), polythiophene,
polyaniline[21-34], carbon nanotubes[35,36], and conductive nanoparticle coatings[37] with
regard to nerve conduit fabrication. Of the above mentioned, PPy is one of the most
extensively investigated conductive materials for tissue engineering applications because it
possesses good electrical conductivity, biocompatibility, high electrical stability, and ease of
synthesis[38]. However its poor mechanical properties, lack of biodegradability, and
difficulty associated with processing it into complex three dimensional structures limits its
applicability as a biomaterial[39]. Therefore attempts have been made to combine PPy with
materials that possess the desired material properties to obtain hybrid composites with
excellent material properties and electrical conductivity. A recent study by Durgam et al.
reported the synthesis of a block co-polymer composed of PPy and PCL[40]. This study
demonstrated the composite material had good conductivity, biodegradability, and the
ability to support PC12 cell proliferation. Electrospun PLGA nanofibers featuring good
cytocompatibility have been coated with PPy, enabling the application of ES treatments on
PC12 cells, which led to an increase in number and length of neurite extensions[33]. Huang
et al. used the biodegradable chitosan-PPy composite to subject Schwann cells to ES
treatment regimens enhancing cell proliferation but more importantly increasing
neurotrophin secretion[41] In our previous work we reported the synthesis, characterization
and biocompatibility of an electrically conductive composite material composed of PPy and
polycaprolactone fumarate (PCLF), with the latter having been shown to possess excellent
material properties that closely resemble the desired properties for nerve conduits. We
demonstrated that PCLF-PPy hybrid materials promoted cell attachment and differentiation
of PC12 cells and dorsal root ganglia explants over PCLF and used the study to determine
the optimal PCLF-PPy composition for studies involving ES that are reported herein[39].

In this study the PCLF-PPy scaffolds were investigated further for their mechanical
properties, stability of electrical conductive properties, degradation, swelling, and protein
adsorption. In vitro experiments (Figure 1) were accomplished to determine the effects of
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different ES treatment regimens applied through the scaffolds on the percent of neurite
bearing cells, number of neurites per cell and length of neurite extensions. Since a major
concern of regenerating nerves is the crossing of proximal outgrowing axons with the
desired trajectory towards and into the distal endoneurial tubes[42] the effect of ES
treatments on the direction of neurite extensions in vitro was analyzed.

2. Materials and Methods
2.1 Synthesis of polycaprolactone fumarate-polypyrrole (PCLF-PPYy)

2.1.1 Synthesis of polycaprolactone-fumarate (PCLF)—AII chemicals were
purchased from Fisher or Aldrich and used as is unless noted otherwise. PCLF with a
number average molecular weight (M) of 17190 g/mol and a polydispersity index (PDI) of
1.43 was synthesized using previously published procedures[12,39]. Molecular weights
were characterized by gel permeation chromatography (GPC) using polystyrene standards of
Mp 474, 1060, 2790, 6340, 10800, 18600, 39200 g/mol. The GPC system consisted of a
Waters 2410 refractive index detector, 717 Plus autosampler, Styragel HR4E column, and a
515 HPLC pump. tetrahydrofuran (THF) was used as an eluent at a flow rate of 1 mL min~2.

2.1.2 PCLF scaffold fabrication—PCLF (3.0 g) was dissolved in methylene chloride (2
mL). 300 uL of photo-initiator phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO
or Irgacure 819) dissolved in methylene chloride (100 ug mL™1) was added. After gentle
heating and vortexing, a viscous and homogenous fluid is obtained. Nerve conduits were
fabricated similar to previous reports[11] by loading a 6 mL syringe with the PCLF resin
and injecting it into a glass tube with an inner diameter of 3.1 mm and a length of 8.0 cm. A
metal rod with a diameter of 1.9 mm was inserted into the glass tubes and held in place by
end caps which also sealed the glass tube. PCLF thin films were fabricated by pouring the
PCLF resin into molds consisting of two glass slides separated by a Teflon spacer measuring
13.5 x 15.5 cm? with a thickness of 0.5 mm. Both molds containing the PCLF mixture were
placed in a UV chamber for 1 h at A = 315-380 nm to initiate cross-linking. The molds
containing scaffolds were then cooled to 0°C to facilitate scaffold removal. Scaffolds were
purified of un-crosslinked oligomers by extensive swelling in acetone and methylene
chloride and dried under vacuum. The resulting tubes had 3.0 mm outer and 1.7 mm inner
diameter. The films were 0.5 mm thick and were cut to dimensions of 25.0 x 6.0 mm.

2.1.3 Synthesis of PCLF-PPy Composite Materials—PCLF-PPy materials were
synthesized using previously published procedures[12,39]. Briefly, PCLF scaffolds were
placed in 200 mL of methylene chloride containing 20.0 g of benzoyl peroxide for 20 min
and then air dried. A solution composed of 4.0 g (17 mmol) of naphthalene sulfonic acid
(NSA), 5.6 g of distilled pyrrole and 200 mL of double distilled water (DDW) and one
consisting of 6.0 g (17 mmol) of dodecylbenzenesulfonic acid (DBSA), 5.6 g distilled
pyrrole and 200 mL of DDW were prepared. After adding the scaffolds, both solutions were
cooled with ice and stirred for 24 h. The samples were then purified extensively by repeated
swelling steps in acetone and methylene chloride and then dried under vacuum.

2.2 Material properties

2.2.1. Differential scanning calorimetry—Using a TA instruments Differential
Scanning Calorimeter (DSC), which measures the temperature and heat flow associated with
thermal transitions in a material, the melting temperature of the scaffolds was determined.
After heating to 100 °C (to equalize the thermal-history), cooling to —80°C and re-heating to
150°C at a rate of 5°C min~1, the heat flow during the heating cycle was plotted over the
temperature in order to display the melting temperature of the samples.

Acta Biomater. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Moroder et al.

Page 4

2.2.2. Tensile modulus—Using a razorblade equipped stencil, the PCLF-PPynsa, PCLF-
PPypgsa and PCLF films were cut into a dog bone shape with a diameter of 2.1 mm. Half
of the samples were kept in water at room temperature and half at 37°C in a water bath after
previously had been heated to 50°C. Each scaffold was mounted on a TA instruments
Dynamic Mechanical Analyzer (DMA) 2980 tension clamp. The force applied on the sample
started at 0.02 Newton (N) and increased at a rate of 3.0 N/min until reaching either 18.0 N
or the material’s failure point. Subsequently the tensile modulus of the scaffolds was
determined by measuring the slope of the linear part of the stress/strain curve.

2.2.3. Flexural modulus—To analyze the three-point bending properties of the materials,
the tube shaped PCLF-PPynsa, PCLF-PPypgsa and PCLF scaffolds were mounted ona TA
instruments DMA 2980 three-point bending clamp and a vertical force starting at 0.02 N and
increasing at a rate of 3.0 N/min until reaching 18 N was applied through a thin metal plate
oriented in a vertical and perpendicular fashion to the samples. Half of the samples were
kept at room temperature and half at 37°C after having been heated to 50°C. The TA
instruments’ universal analysis software was used to identify the materials’ flexural
modulus.

2.2.4. Suture pullout test—The pullout strength of the composite PCLF-PPy conduits
were compared to PCLF conduits using previously reported procedures[11,43]. All
polymeric conduits were sutured using a 9-0 monofilament nylon suture. The scaffolds were
submerged in a water bath with half of them being held at 37°C after having been heated to
50°C. They were then mounted on a TA instruments DMA 2980 tension clamp and a pulling
force starting at 0.02 N and increasing at a rate of 0.5 N/min was applied on the sutures until
the failure point of either the suture or the material was reached. Since in all attempts it was
the suture to break first, the samples were additionally sutured with a 4.0 Vicryl (Ethicon)
and the suture pullout tests were repeated using the above mentioned procedure. The pullout
strength of the scaffolds was determined by plotting the force (N) applied on the suture over
the displacement of the suture within the sample as previously reported[12] using the TA
instruments’ Universal Analysis software.

2.2.5. Effect of ES on scaffold electrical stability and media temperature—In all
experiments Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech) supplemented
with 10% heat inactivated horse serum, 5% heat inactivated fetal bovine serum, and 0.5%
penicillin/streptomycin was used as media.

The PCLF-PPynsa and PCLF-PPypgsa scaffolds were cut to fit in 24-well tissue culture
plates. Autoclaved medical grade silicon tubing with inner diameter of .95 cm and outer
diameter of .1.6 cm fit tightly in the wells of the tissue culture plate. The silicon tubing walls
were pierced by two platinum wires that exited the bottom of the silicon tube wall. When the
tube with platinum wires was tightly pressed into the well on top of the scaffold an excellent
contact between the scaffold and platinum wires was created, leaving no space for the media
to be in contact with the wires. A small amount of Dow Corning® high vacuum grease was
applied to the bottom of the silicone tubing before the tube was inserted into the well to
ensure prevention of the media from coming into contact with the platinum wires. Then 1mL
of media was added to each well. The tissue culture plates were placed in a 5% CO,
incubator at 37°C and the platinum wires hooked up to an A.M.P.l. Master 8 programmable
electrical stimulator using alligator clamps attached to wires running out of the incubator.
Direct current of 10 uA was applied on the scaffolds and the increase in resistance over the
course of 100 h was measured using a Fluke 73 multimeter. The surface resistivity (Rs) of
the samples was calculated using the following formula, where Rg = R x W/D. R is the
measured resistance, W is the sample width and D is the distance between the two platinum
wires. The increase in resistance of the samples was compensated for daily by adjusting the
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amount of voltage applied. Stimulation regimens investigated were 1 h of direct current per
day, 1 min/hour, and 1 sec/min. To determine if the electrical current running through the
samples increased the temperature of their surrounding, the temperature of the media was
measured during an ES regimen of 8 h of constant direct current of 1 mA using a
Traceable® thermometer.

2.2.6. Scaffold degradation and swelling—After weighing, PCLF-PPyysa, PCLF-
PPypgsa and PCLF samples were placed in separate vials filled with phosphate buffered
saline (PBS) at 37°C. Every week the PBS was aspirated, the samples were dried in a
vacuum oven for 24 h and then weighed on a precision scale. This procedure was performed
for 34 weeks. For the swelling test PCLF-PPynsa, PCLF-PPypgsa and PCLF samples were
weighed (Wd, dry weight) and subsequently placed in separate vials containing PBS at
37°C. After 24 hours the weight (Ws, weight after swelling) was determined to calculate the
swelling ratio (Ws—Wd)/wd.

2.2.7. Protein adsorption—PCLF-PPyNsa, PCLF-PPypgsa and PCLF films were
incubated for 24 h at 37°C in media containing 50 ng/mL of nerve growth factor (NGF)
(Harlan) or media without NGF. Samples with no media were used as control. Subsequently
the solutions were aspirated and after washing them three times with PBS, each sample was
submerged in 240 uL of sodium dodecyl sulfate (SDS) for 1 h. Using the Thermo Scientific
Micro BCA Protein Assay kit, a working solution consisting of 5.0 mL of Micro BCA
Reagent MA, 4.8 mL of Micro BCA Reagent MB and 0.2 mL of Micro BCA Reagent MC
was prepared. Aliguots of 150 uL of SDS extract from each sample and standards of 200,
40, 20, 10, 5, 2.5, 1, 0.5, and 0 ug/mL of bovine serum albumin (BSA) were pipetted on a
micro assay plate, mixed with 150 pL of the working solution mentioned above, covered
with tin foil, and incubated at 37°C for 2 h. The micro array plate was placed in a Molecular
Devices Spectra Max Plus spectrophotometer and the absorbance of the solutions was
measured at 562 nm. Using the absorbance values of the BSA standards, a calibration curve
was created and the protein absorption of the samples was calculated.

2.3 Electrical Stimulation of PC12 cells on PCLF-PPynsa Scaffolds

To study the effect of ES on neurite extension, PC12 cells (ATCC) were cultured on PCLF-
PPynsa films while passing electrical stimuli through the scaffolds. The same set up as
mentioned above for the conductivity experiments was used. Scaffolds, wires, and tubing
were sterilized with 70% aqueous ethanol for 10 min, washed three times with sterile PBS
and incubated for 24 h at 37 °C with each well filled with 1 mL of media containing 50 ng
of NGF. The media was then removed and PC12 cells were seeded at a density of 50,000
cells/cm? with each well being filled with 1 mL of fresh media and 50 ng of NGF.

ES treatments for 1 h/day of constant direct current and 20 Hz direct current with the pulse
width of the square wave resembling half the length of the interval were applied over two
days. For all experiments a current of 10 pA was applied, corresponding to a surface current
density of 7.2 pA/cm?. PC12 cellular morphologies were imaged using fluorescence
microscopy. The cells were stained according to previously described methods[39] using 1%
rhodium phalloidin (Invitrogen, CA) and DAPI (4',6-diamidino-2-phenylindole) - stain
(Vector). Samples were imaged on an LSM 510 inverted confocal microscope at
wavelengths of 368 nm and 488 nm and 300 cells were analyzed for each ES treatment
regimen using NIH Image J software. The percentage of neurite bearing cells and the
number of neurites per cell (taking into consideration only those cells with at least one
neurite) were calculated. In order to be considered a neurite, a cell extension had to be
longer than 5 pm measuring from the tip to the middle of its base[44]. For branched neurites
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the junction with the longest neurite was considered to be the base of the neurite branch[40].
Additionally the neurite length and neurite directionality were examined.

2.4. Statistics

3. Results

All the material property characterization and cell culture experiments were run in triplicates
unless otherwise noted. Using StatView (version 5.0.1.0, SAS Institute, Inc, Cary, NC) a
single factor analysis of variance (ANOVA) was performed to determine the significance of
the results. Bonferroni’s method was used for multiple comparison tests when the global F-
test was positive at an alpha level of 0.05 to determine differences among the experimental
groups. The neurite length was not normally distributed, therefore the median value for each
regimen was calculated and the Mann-Whitney U test was employed for statistical analysis.

3.1. Mechanical properties

PCLF based materials possess melting transitions (T,) between room temperature and
physiological temperatures as shown in Figure 2a. This transition signifies the transition
from crystalline to the amorphous state and can have profound impacts on material
properties. Additionally, Figure 2a shows the incorporation of PPy into PCLF lowers this
transition from 34.6°C for PCLF to 30.8°C for PCLF-PPy.

Properties critical for application as nerve conduits including tensile modulus, flexural
modulus, and suture pullout strength were measured for PCLF and PCLF-PPy materials at
37° and room temperature (Figure 2b—d). The tensile modulus (Figure 2b) of PCLF
decreased from 71.6 MPa at room temperature to 3.7 MPa at 37°C. PCLF-PPynsa and
PCLF-PPypgsa decreased from 37.5 and 33.3 MPa to 3.6 and 3.7 MPa, respectively. All
decreases in tensile modulus were found to be significant (p <0.01). The tensile modulus
was found to be significantly higher (p <0.01) for PCLF than either PCLF-PPyysa or PCLF-
PPypgsa at room temperature, but no significant difference was found for the tensile
modulus between samples when measured at 37°C. The flexural modulus at room
temperature for PCLF, PCLF-PPypsa and PCLF-PPypgsa Was 42.7, 30.3, and 31.1 MPa,
respectively, and decreased significantly (p <0.01) to 5.7, 3.1, and 1.9 MPa upon warming to
37°C. Significant differences (p<0.01) in the flexural modulus were observed between
composite materials and PCLF at room temperature, but not at 37°C.

Suture pullout tests were performed to determine if PCLF and PCLF-PPy materials could
fail as a result of having sutures tear out of the material at room temperature or more
importantly at 37°C. When initially performing the suture pullout tests using a 9.0 nylon
suture, the largest and strongest suture typical of what would be used in a clinical setting for
repairing nerve with a size equivalent to the scaffold tube, the conduits in both the
crystallized and amorphous state could bear more force than the sutures themselves,
resulting in the suture failing and not the material in all cases. When tested with a stronger
4-0 suture, PCLF-PPynsa and PCLF-PPypgsa scaffolds exhibited pullout strengths of 4.0
and 3.9 N which was lower compared to the 8.2 N for the PCLF samples (p <0.01 for both
cases). However at 37°C all sample types showed no significant difference in pullout
strengths: PCLF-PPynsa 1.0 N, PCLF-PPypgsa 0.8 N and PCLF 1.1 N (Figure 2d).

3.2. Effects of ES on the scaffold’s conductive stability and media temperature

The effect of passing of electrical current through PCLF-PPy scaffolds in the presence of
media was investigated to determine the conductive stability and temperature increase of the
local environment. Figure 3a,b show the increase in surface resistivity over the course of
100 h when different electrical stimulation regimens of 10 uA were applied through PCLF-
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PPypgsa and PCLF-PPyysa scaffolds. The initial Rg of the different PCLF-PPynsa
samples was 2 kQ which was much lower than the 25 kQ of the PCLF-PPypgsa scaffolds.
When current was applied through PCLF-PPyysa scaffolds, there was almost no difference
between the linear increases of surface resistivity over time for the different stimulation
regimens. PCLF-PPypgsa showed a steeper increase in resistivity for 1 min/h stimulation
regimen when compared to 1 sec/min stimulation regimen. A daily application of 10 pA of
current for 1 h on PCLF-PPypgsa Samples led to a nearly exponential increase of surface
resistivity after 80 h. Overall the PCLF-PPynsa scaffolds exhibited a better electrical
stability and conductivity than PCLF-PPypgsa. Because excessive increases in temperature
can be detrimental to the local cellular environment, we measured the increase in
temperature of the media over the course of 8 h with constant electrical stimulation of 1ImA.
Figure 3c shows that the temperature of the surrounding media remained stable over the
entire course of the experiment and did not rise for more than 0.3°C.

3.3. Degradation and swelling

To determine the effect of PPy incorporation on the degradation of PCLF, the scaffolds were
submerged in PBS and the percent weight loss was measured over 34 weeks. PCLF
scaffolds showed a constant degradation rate resulting in 84% of the material remaining
after 34 weeks. PCLF-PPypsa and PCLF-PPypgsa samples degraded slightly slower than
PCLF with 90% of weight remaining, thus exhibiting a lower degradation rate than PCLF
(Figure 4a). The 2.3%, 3.5%, and 3.2% relative weight increase for PCLF, PCLF-PPypsa,
and PCLF-PPypgsa scaffolds, respectively, in the swelling experiment yielded no
statistically significant difference between the groups and indicated that all tested scaffolds
do not swell considerably in an aqueous solution (Figure 4b).

3.4. Protein adsorption

Protein adsorption to scaffold surfaces is a critical step before cells attach to the scaffold
surface. The results of protein adsorption on the scaffold surfaces from media and from
media containing nerve growth factor are presented in Figure 5. PCLF-PPynsa and PCLF-
PPypgsa samples submerged in media with or without NGF showed similar protein
adsorption amounts and patterns as the PCLF samples. Submersion in media resulted in 4.2
ng/mL of adsorbed protein for the PCLF-PPynsa samples, 4.7 ug/mL for PCLF-PPypgsa
and 3.5 pg/mL for PCLF. When incubated in media containing 50 ng/ml of NGF, the protein
adsorption was 5.6 pg/mL for the PCLF-PPynsa samples, 5.0 pg/mL for PCLF-PPypgsa
and 4.8 ug/mL for PCLF, thus showing a significant increase in protein adsorption for the
PCLF-PPynsa (p =0.026) and PCLF samples (p =0.039) when NGF is added to the media.
No differences were observed between scaffold types.

3.5. Electrical stimulation of PC12 cells on PCLF-PPyysa scaffolds

PC12 cells were chosen as the model cell line for the initial studies involving electrical
stimulation because they are a commonly used cell for nerve regeneration studies, and there
is ample literature precedence to compare the results of electrical stimulation treatments.
Figure 6 shows fluorescence microscopy images of PC12 cells at 10x and 40x. The 10x
images show typical images used to analyze neurite extensions through NIH image J
software. Distinctly more and longer neurites can be seen when ES was applied than without
electrical stimulation. The percentage of PC12 cells bearing neurites was 75.7% for 1 h/day
of 10 pA of constant current and 83.0% for 1 h/day of 10 pA of 20 Hz frequency. These
results were significantly higher (p <0.01) than the 49.7% observed with no ES. No
statistically significant difference was observed between ES treatment regimens (Figure 7).
For neurite bearing cells, the average number of neurites per cell when applying different
stimulation regimens was measured (Figure 8a). Compared to cells not exposed to ES, PC12
cells that received ES treatment demonstrated an increase in amount of neurites per cell
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from 1.8 to 2.7 for stimulation of 20Hz and 2.2 for constant stimulation (p <0.01). Figure 8b
shows the distribution of the number of neurites per cell. Of the neurite bearing PC12 cells
cultured in the absence of ES 46% had 1 neurite, 82% had two or less and 96% had 3 or less
neurites. ES stimulation shifted the distribution to higher numbers of cells bearing 2 or more
neurites. 32% had one neurite, 31% had two neurites, 20% had three neurites, and 16% of
the PC12 cells exposed to constant stimulation had 4 or more neurites, up from the 5%
observed with no ES. PC12 cells cultured in the presence of 20 Hz ES exhibited the most
substantial shift in number of neurites per cell. Only 17% of these PC12 cells had one
neurite, while 30% had 4 or more neurites. Figure 8c shows a 40x image of one PC12 cell
having been subject to 1 h/day of 10 nA 20Hz ES and bearing multiple neurite extensions.

The median neurite length and the distribution of neurite lengths are shown in Figure 9.
Cells stimulated with ES showed significant increases (p <0.01) in median neurite length
from 10.2 um with no ES to 14.4 um for constant ES and 13.6 um for 20 Hz ES (Figure 9a).
No significant difference was observed between the two ES regimens. Figure 9b,c show the
distribution of neurites measured for lengths of 10 um ranges. Figure 9b shows that the 20
Hz ES treatments had the highest counts in most length categories of the neurite length
distribution, consistent with the results from Figure 8b. Figure 9c shows the relative
distribution where 90% of the neurites of PC12 cells cultured in the absence of ES had
lengths of 0—20 um. PC12 cells with either ES treatment exhibited 71% of cells having
neurites of 0-20 um, but they were distributed differently with constant and 20Hz ES having
46% and 41% of neurites ranging from 10-20 um. The effect of ES on the direction at which
neurites extend was investigated by measuring the angle of the neurites in relation to the
direction of the applied current. Figure 10 displays the distribution of neurite alignment
showing a doubling in the number of neurites within a range of + 10° parallel to the current
direction for both ES treatment regimens. When no ES was applied this peak was absent,
and the angles at which the neurites were extending were evenly distributed. This indicates a
preferential alignment of neurites with the direction of the stimulating current if ES is
applied on cells.

4. Discussion

Materials used to fabricate nerve conduits require specific material properties that make
them suitable for application in the animal model and eventual clinical trials. A critical
feature for nerve conduits is their mechanical properties. The implanted nerve tubes have to
be flexible and comply with tensile and bending stress especially when situated in the
proximity of joints while at the same time they have to withstand the pulling forces typically
exerted by a 9-0 nerve suture. PCLF-PPy scaffolds exhibit excellent suture pullout strengths,
and unique thermal transitions that occur near the physiological temperature of 37 °C. By
controlling the molecular weight of PCLF the thermal transitions, crystallinity and resulting
mechanical properties of cross-linked PCLF can be manipulated as previously reported[45].
Therefore warming PCLF and the composite PCLF-PPy scaffolds to 37 °C turned them from
semi-crystalline to an amorphous state, which significantly increased their flexibility while
still providing enough strength to hold a nerve suture.

The biodegradability of the nerve conduit is very important and a balance between providing
support, guidance, and degradation is critical. The degradation of the conduit can prevent the
regenerating nerve from being compressed and limits chronic foreign body reactions[46].
Also the conduit should not degrade too quickly, because it has to maintain its mechanical
integrity to provide nerve guidance. Additionally, large amounts of small degradation
products might increase the osmotic pressure of the conduit causing increased material
swelling[7,47] which in general can lead to deleterious compression of the nerve[46].
According to our results, PCLF-PPy scaffolds meet these requirements featuring a lack of
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swelling when submerged in aqueous solvent and slow but consistent degradation rates, thus
being able to provide a strong guidance to outgrowing axons, without leading to
compression over time.

The main interest in PCLF-PPy scaffolds is their electrical conductivity and being able to
pass electrical current through them to stimulate growing nerve cells. Based on previous
results PCLF-PPy networks doped with NSA and DBSA anions[39] were selected because
they demonstrated best material properties and most extensive cell attachment. The Rq for
PCLF-PPynsa Was shown to be as low as 2 kQ thus exhibiting a similar conductivity as
recently reported for other PPy composite materials[33,41]. Additionally, the scaffolds
proved to be electrically stable when different ES treatment regimens were applied,
especially if NSA was the utilized dopant. This combined with the fact that compared to
PCLF-PPypgsa PCLF-PPynsa samples were able to adsorb a higher amount of NGF to
their surface led to the conclusion to use this type of scaffold for the cell culture
experiments.

PC12 cells were electrically stimulated with 10 pA of current for 1 h per day. The current
was either constant direct current or direct current with a frequency of 20 Hz. The amount of
current, 10 pA, was chosen because it renders a surface current density of 7.2 pA/cm?2 which
induced the most favorable cell response from a previous study by Zhang et al.[48]. The
frequency of 20 Hz was chosen because 20 Hz is considered an effective frequency for
stimulating nerve regeneration in the rat model[2,49]and in human[49,50]. Using ES with a
frequency of 20 Hz instead of constant current may be advantageous because it resembles
average firing frequencies of motor neurons[50]. Even though the electrical stability of the
samples was tested with three different time regimens, the cells were only subject to the 1 h/
day ES treatment because it is a commonly used regimen when trying to stimulate neuronal
regeneration in vivo[19,49,51].

Image analysis of PC12 stimulated with a frequency of 20 Hz revealed an impressive 67%
increase in the percentage of neurite bearing cells, dramatically higher than the 5% recently
achieved in another study with similar PPy-PCL scaffolds[40]. Using PPy coated PLGA
nanofibers to apply ES treatments on PC12 cells, an even higher relative increase of 92%
was reported, however, in that case no increase in numbers of neurites per cell was
found[33]. In comparison, when treatments of 1 h/day 10 pA 20 Hz ES were applied on cells
seeded on PCLF-PPynsa samples the average number of neurites per cell increased by 52%.
Considering the length of the extending neurites when electrical stimulation regimens are
applied relative increases of 30%[40], 48.8%][33], 50%[24], and 90.5%][52] are reported in
the literature. The 33.0% increase achieved when 10 uA 20 Hz ES were applied on PCLF-
PPynsa scaffolds might therefore seem low at first sight, however it has to be taken into
consideration that the increase in cells bearing multiple neurites leads to a shift of the
median neurite length to lower values, because the neurites grow longer, but at the same
time many new short ones appear. This explanation is corroborated by the observation that
constant ES, which had a lower relative increase of the average number of neurites per cell
showed a higher relative increase of 41.0% in the median neurite length. As mentioned by
Lee et al. the exact mechanism of action of ES on neurons is not fully understood, but might
involve increased adsorption of the extracellular matrix protein fibronectin to the scaffold
surface[53], changes in membrane potential[54], and the vectored accumulation of surface
glycoproteins[55]. According to our results, pulsed ES treatments of 20 Hz led to a
significant increase of the number of neurites per cell when compared to constant
stimulation. Considering the widely accepted use of pulsed ES treatments of 20 Hz to aid
nerve regeneration in vivo[2,49,50] and the finding that PC12 cells show increased viability
when stimulated with pulsed rather than constant treatments[37], the use of pulsed ES in
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future studies for enhancing neurite extension on electrically conductive scaffolds might
lead to improved results.

Since outgrowing axons need to find the desired trajectory towards and into the distal
endoneurial tubes[42], micropatterned surfaces[42,56], microchannels[57] or aligned
nanofibers[58,59] have been investigated for their potential to guide outgrowing nerve
axons, rendering promising results. When analyzing the orientation of neurite extension in
this study, alignment with the current direction was found. Combined with the fact that
electrical fields are able to influence the direction of neurite extension in general[55,60-62],
this finding indicates an additional method to guide axon outgrowth within nerve conduits
by applying electrical current.

5. Conclusion

Electrically conductive scaffolds composed of PCLF-PPy were investigated to determine
whether their material properties are suitable for use as nerve conduits. PCLF-PPy materials
were shown to maintain mechanical properties necessary for nerve conduit applications.
PCLF-PPy materials in the amorphous state had increased flexibility while still maintaining
the strength required to hold a suture. PCLF-PPynsa had excellent electrical stability
required for application of extended electrical stimulation regimens. PC12 cells were
stimulated for 1 h/day with 10 pA of direct current for 2 days and the effect of constant
versus 20 Hz frequency was compared. It was determined that 20 Hz stimulation increased
the number of neurites per cell compared to constant stimulation, but the two ES treatments
also resulted in similar percents of neurite bearing cells and neurite lengths. Also the
alignment of neurites parallel to the direction of applied current shows that ES can be used a
guidance cue to direct neurite extension. Both ES treatments were shown to be significantly
better than no ES in all categories for increasing neurite extension.
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Figure 1.
Schematic overview of the project’s main steps: fabrication of PCLF-PPy composite
scaffolds, cell seeding, and application of ES treatment regimens.
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Figure 2.

Effect of thermal transition of the materials on mechanical properties of PCLF, PCLF-
PPynsa and PCLF-PPypgsa scaffolds at room temperature and 37°C, measured by a)
differential scanning calorimetry, (b) tensile test, (c) 3-point bending, and (d) suture pullout
test. *denotes significant differences (p <0.01) in material properties between room
temperature and 37°C. **denotes significant differences (p <0.01) between PCLF-PPy and
PCLF at room temperature.
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Figure 3.
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Surface resistivity (Rg) over the course of 100 h when different stimulation regimens at an
intensity of 10 pA are applied on PCLF-PPypgsa samples (a) and PCLF-PPyysa Samples
(b) incubated in media. Figure 3c shows the temperature increase of the surrounding media

when 1 mA of direct current is constantly applied for 8 h.
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Figure 4.

a) Percent weight loss of PCLF, PCLF-PPyysa and PCLF-PPypgsa samples incubated at
37°C in PBS for 34 weeks. b) Percent weight gain of scaffolds after 24h swelling in PBS at
37°C. No statistically significant difference was found between different scaffolds.
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Figure 5.
Protein adsorption on PCLF, PCLF-PPynsa and PCLF-PPypgsa scaffolds after incubation

for 24 h in media with or without NGF. Samples with no media were used as control.
*denotes significant differences (p <0.05) in the amount of protein adsorbed on scaffolds in
media with NGF compared to scaffolds incubated in media without NGF.
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Figure 6.
Fluorescence microscopy of PC12 cells imaged at 10x and 40x magnification after

undergoing different ES treatment regimens for 48 h.
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Figure 7.

Percentage of neurite bearing cells seen in fluorescent microscopy when ES treatment
regimens of 20Hz and constant current are applied on the PCLF-PPyysa scaffolds. *denotes
significant difference (p <0.01) from no ES.

Acta Biomater. Author manuscript; available in PMC 2012 March 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Moroder et al.

[)
—
N W
[5; =]

n
o
N

Average Number of
Neurites per Cell
5 @

o o
(=T

=

50% -
45% A
40% -
35% 4
30% 4
25% 4
20% 1
15% -
10% -

5% 4

% of Cells

Page 21

0% -

c)

Figure 8.

*%
T
X
*
.l_
L
1h/day 10pA 1h/day 10pA No ES
20Hz constant

Electrical Stimulation Regimen

2

@ 1h/day 10pA 20Hz
m 1h/day 10pA constant
ONo ES

3 4 5 6 7 28
Number of Neurites per Cell

Average number of neurites per cell (a) and distribution of neurites (b) of PC12 cells
cultured on PCLF-PPynsa scaffolds under different ES regimens. Fluorescence microscopy
of an exemplary image of a cell stimulated for 1 h/day with 10 pA 20 Hz ES bearing
multiple neurites (c). *denotes significantly higher number of neurites per cell compared to
no ES (p <0.01). **denotes significant differences between 20Hz frequency and constant ES

(p <0.01).
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a) Median neurite length of PC12 cells cultured on PCLF-PPypnsa scaffolds under ES
treatment regimens of 20Hz and constant current. Figure 9b,c show the neurite length
distribution in terms of total neurite counts (b) and in relative values (c) for different ES
treatments applied. *denotes significant difference compared to cells cultured in the absence

of ES (p <0.01).
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Figure 10.
With the direction of the current defined as 0° the distribution of the neurite alignment is

displayed for ES treatment regimens of 20Hz and constant current in terms of absolute
neurite counts (a) and relative values (b).

Acta Biomater. Author manuscript; available in PMC 2012 March 1.



